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Abstract
This research seeks to introduce concepts for programming, a key element of computing, to K-12
students. A central goal is to better understand the benefits of concept-integrated game mechanics
in teaching basic programming concepts. The context of this research is also one of broadening participation. Thus the studies have been conducted in conjunction with two related projects— Boeing
Summer coding camps and the NSF Culturally Responsive Computer Science (CRōCS) Project–both
of which targeted underrepresented populations in computing with focus on programming.
The basic programming concepts considered in this research involve integer and Boolean variables
and include assignments, sequencing of assignments, operators, and conditional statements. We
created Hbot, a video game with its game mechanics designed to engage and facilitate learning of
basic programming concepts. In our experiments, we contrasted Hbot with a prior video game, also
one we designed, in which game mechanics were not connected to concepts, but instead included
basic programming questions and feedback within gameplay. Experiments were carried out at three
middle schools, involving about 60 students split into control and treatment groups.
Quantitative results indicate that concept-integrated game mechanics helped improve student
performance more across nine out of eleven concept subtopics in programming. Notably, as students
gained a mastery of the game mechanics related to the topics, their performance improved generally
even as the concepts got more difficult. Qualitative think-aloud data analyses support these quantitative findings. Also, instructional video games appear to help students feel more confident about
their understanding of concepts.
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Introduction

We live in a computing intensive society and there is a need for all students to acquire basic computing knowledge. This partially accounts for why broadening participation and strengthening of the
computing pipeline remain crucial goals for computer science educators [8][28][40]. Although several
efforts have been made towards accomplishing these goals, underrepresentation of women and other
minorities remains a challenge.
African American and Latino students are among the largest underrepresented populations in
computing [31][43]. Hence, it has become critical to research and experiment with effective methods for the engagement of students of all ages especially these underrepresented and traditionally
excluded groups in computing.
Having effective methods for engagement has become even more important since states have
joined the effort to expand access to computer science education. This is evident by noticing that
many, if not all states, including South Carolina have developed computer science standards that
include various skills and concepts that students are expected to learn at different grade levels.
With the development of K-12 computing standards, the research objective of teaching programming, a central element of computing, is critical for all students.
The context of this research is one of broadening participation. Specifically, two related projects
inform and guide the proposed research. The first project is based at School M’s summer school
which is in the low country of South Carolina and it caters to children from one of the lowest income
communities in the state. The school runs during the summer months in an effort to help the
students maintain their academic progress from one academic year to another.
Most of the school’s student body falls into computing’s underrepresented minorities. Boeing
South Carolina, as a way to invest in the local community, has sponsored three coding camps through
the School M’s summer school. These camps have served to broaden participation by providing
opportunities for these students to participate in the acquisition of basic computing knowledge.
The second project is Clemson University’s Culturally Responsive Computer Science (CRōCS)
project. It is a National Science Foundation (NSF) funded scalable Research Practice Partnership
(RPP) for preparing and supporting teachers to teach culturally responsive computer science courses
in South Carolina (SC) high schools thereby helping all students to meet the SC standards for
computer science. Most of these teachers had business and science backgrounds. This project
offers an opportunity for them to be a part of the computing dialogue. The project also targets low
income schools with underrepresented minorities by offering teachers and students opportunities that
1
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otherwise would not have been available to them. The CRōCS project held professional development
workshops for teachers during the summers from 2018 to 2020, and on selected Saturdays throughout
the academic year for the first two years. Together the workshops supported nearly 60 teachers in
some of the poorest districts in the state.
One of the elements of both the projects above as well as SC standards is programming. Programming is essential to computing[17] and understanding basic concepts is critical to understanding
programming. Studies show that most beginning students struggle with understanding fundamental
programming concepts [33][47]. Another valid reason for students to be grounded in fundamental
programming concepts is that computer science is a dynamic subject that is constantly undergoing paradigm changes. However, fundamental concepts and computational thinking persist without
change through all the paradigm shifts. So, if students have a good grasp of these basic concepts,
they are more inclined to continue to succeed in computing [50].
Previous attempts to introduce programming to K-12 students have mostly used blocks-based
programming tools as conduits to facilitate learning. Despite the success of these efforts, the need
remains for students to be able to transfer the knowledge to other platforms. Finding strategies
that facilitate the honing of critical skills such as reading/writing code, debugging, tracing and the
ability to predict the behavior of a program, which are all associated with programming is one way
to accomplish this [3][10][35][36]. It has been argued that if students cannot read and understand
small fragments of code, it is highly unlikely that they can write comparable pieces of code [36]. The
present research thus focuses on code reading and tracing as a means for predicting the behavior of
a program and uses pseudo code tracing activities as a means for understanding student difficulties
associated with fundamental programming concepts.
It is reasonable to question if programming and code tracing activities should be included in
K-12 curricula. We note that curricula for other more established subjects like math and science
start at an early age and build on the concepts as students progress from grade to grade. This is a
motivation for emerging standards and for the need to research ways to introduce programming to
K-12 students.
We have undertaken multiple prior efforts to teach some of the basics of programming in the
context of projects for broadening participation.
The first such effort involved the exploration of a Scribbler 2 Robot (S2) as a means of introducing
students to basic programming concepts and sharpening critical engineering skills in the process [45].
The effort involved two outreach activities in which students learned how to program the S2 robot
to create a desired artifact.
2
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Another effort included three Boeing sponsored summer coding camps for elementary school
children from the School M’s area. These camps were conducted during the summers of 2017, 2018,
and 2019 and the students were introduced to fundamental coding concepts using multiple representations. We used a custom designed video game to engage the students. The game incorporated
basic programming questions. Our custom designed video game together with think aloud sessions
were used to tease out the difficulties that these students faced with learning the concepts.
In May of 2019, we ran a pilot study of a video game with the students from some of the schools
in one of the school districts in SC, whose teachers had taken part in Clemson University’s CRōCS
project. The goal of the pilot study was to attempt to understand what difficulties the students
faced with learning basic programming concepts.
In the next phase of the research we brought together what was learned through prior efforts
and combined that with new initiatives to integrate basic programming concepts with the game
mechanics of a video game, in a bid to foster student understanding of these concepts and to
better understand the learning difficulties with these concepts. Then we conducted an experiment
involving a treatment group and a control group to gauge the impact that integrating the concepts
with game mechanics has on student understanding of the concepts. Details of the game design and
the experiment are discussed later on in this dissertation.
The concepts we focus on are detailed in the tables below. They constitute a taxonomy that
we conceived based on the work of Rich, et al, which presents K-8 learning trajectories [48]. In
this taxonomy, we identify and breakdown coding concepts into fine grained details to facilitate
their exploration. Only integer and Boolean variables are considered here. We start off with simple
assignments and build up to conditionals, adding specific programming concepts one building block
at a time.

Table 1: Types of Variables, Constants, and Operators
Type
a) Integer

Constants
i) all numbers

b) Boolean

i) true
ii) false

Operators
Arithmetic: +, -, *, /
Relational: <, >, =, <=, >=
and, or, not
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Table 2: Types of Assignments
Assignment Type
a) Assign an expression
to a variable

b) Assign a variable
to a variable

Expression
i) is a single constant
ii) involves only constants
iii) involves constants
and variables
iv) is self-referential
v) involves variables
of other types
...

Integer Ex.
x ← 3;
x ← 3 + 1;
x ← y - 2;

Boolean Ex.
is snowing ← false;
is sunny ← true;
is raining ← not true;

x ← x * 2;
x ← 3.0;

b1 ← b1 and b2;
b1 ← (x > 2);

x ← y;

Table 3: Sequencing of Assignments
Construct
a) Sequencing of Assignments

Type
i) Integer
ii) Boolean

Example
x ← 3;
x ← 5;
is raining ←false;
is raining ←true;

Table 4: Conditionals
Types of
Conditions
1) if then else

Conditional Expression

Example

a) involves integers and
relational operators

balance ← 50;
amount ← 0;
if (balance < 0)
amount ← 0;
else
amount ← balance;
exists balance ← true;
amount ← 0;
If (exists balance)
amount ← balance;
else
amount ← 0;
balance ← -25;
amount ← 0;
If (balance > 0)
amount ← balance;
get money ←false;
exists balance ← false;
If (exists account) and (exists balance)
get money ← true;

b) involves Boolean condition

2) if then

a) involves integers and
relational operators

b) involves Boolean operators
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Research Questions

Overall, this study poses two research questions and targets K-12 students. The questions are listed
below.
1. What are the performance patterns that students exhibit with the following fundamental
programming concepts: assignments, sequence, operators, and conditionals? How do students
reason about the concepts on which they do not perform as well?
2. For what specific basic programming concepts and to what extent do concept-integrated game
mechanics help improve student understanding?

1.2

Problem Statement

The need to broaden participation in computing cannot be overemphasised, given the fact that we are
completely surrounded by computers and that they affect almost all aspects of our lives. However,
challenges remain with one of its core components—programming. If we address some of the learning
issues related to fundamental programming concepts, we will have taken a step towards reducing the
entry barriers to programming. Furthermore, if we can do so in an interesting way, then we might
ignite a greater interest in computing and thereby increase participation. Investigating difficulties
related to fundamental coding concepts and tracing snippets of pseudo-code in an environment
where students feel free to practice is useful in informing curriculum designs. It is also imperative
that attempts at introducing K-12 students to CS concepts and computational thinking be done in
a way that will encourage students to further pursuit instead of constituting a barrier to further
engagement. Studies show that robots and video games are fun and engaging tools that can help
students learn. Therefore, harnessing and using these qualities can be a useful way to help make
abstract content like programming concepts more concrete.

1.2.1

Contributions

This research aims to make the following contributions:
1. Identify potential difficulties that K-12 students will potentially face with basic programming
concepts and seek to understand how they reason about the concepts that they struggle with.
2. Explore innovative and interesting ways of conveying fundamental programming concepts to
K-12 students.
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3. Develop and evaluate a video game whose game mechanics integrate fundamental programming
concepts in an attempt to provide a fun and engaging environment for the students to learn
these concepts.

1.3

Thesis Statement

Employing innovative tools and methods of instruction can help increase student understanding of
fundamental CS concepts, which can translate to entry barrier reduction and ignition of a greater
interest in CS, thereby boosting participation in computing.

1.4

Dissertation Organization

The Chapters for this dissertation are as follows: Chapters 2, 3 and 4 contain details of preparatory studies that focus on the first research question. Each of the above-mentioned chapters also
contains a discussion of related work. Chapter 5 outlines the journey to discover and develop the
design elements of a video game with concept-integrated game mechanics. Chapter 6 details the
experiments. Chapter 7 contains an analysis of experimental data and presents the results of this
research. Chapter 8 summarizes the findings and discusses future directions.
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2

Drawing With Robots

To engage as many students as possible in computing and thereby broadening participation, in this
research we have explored several fun and novel approaches to introduce basic coding concepts to
K-12 students.
This chapter discusses a set of activities using an exploration of the S2 robot as a means of
conveying programming concepts to the students, leveraging the interactive nature of robots. The
students used the S2 robot to create art while learning basic programming concepts. This initial
study also motivated the use of a robot in the central game design in this dissertation.

2.1

Introduction

Drawing with Robots is an activity that incorporates robots as a mechanism to facilitate tangible
applications of basic art. The activity, which was conceived as an extension of the Hour of Code
movement, [38] seeks to reinforce the transition of abstract concepts to something more concrete.
At the end of this ”Second Hour of Code,” students would have created a tangible artifact, which
represents the knowledge acquired during the activity. Students were supported through a threestage process as they 1) conceived of the task they would like a robot to perform, 2) developed the
steps needed for the task to be performed, and 3) decided how to implement the required steps.
At each stage of the process, the students assessed whether the intended aims were achieved and
were also assisted in re-evaluating their goals. In this chapter, participation in two ”Drawing with
Robots” events are discussed. The chapter summarizes the design of the activities, the lessons
learned in their execution and a description of the skills taught during these sessions. We share the
observations from working with students and offer recommendations for others considering similar
activities. [45]
In 2015, this project was realized under the title “R2D2 meets Rembrandt,” and utilized Parallax’s Scribbler S2 robot and its associated Graphical User Interface [32]. Our experiences are
rooted in the execution of the activity in a co-curricular setting as an exhibit at Artisphere2015
and at a Fall Festival, both in Greenville, South Carolina. This summary covers the time period
March–October 2015, and contains observations, experiences and lessons learned from these two
outreach events incorporating the activities.
Drawing with Robots was executed in a co-curricular setting to complement what students learn
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in school with respect to STEM subjects. This strategy was selected since it has been shown
that informal learning settings, i.e., those outside the framework of schooling, offer the potential to
stimulate interest, initiative, experimentation, discovery, play, imagination, and innovation in middle
school students [21] [16]. Furthermore, past research on K-12 engineering indicates students often
lack interest in STEM education, an issue for tomorrow’s workforce since engineering and technology
drive innovation and provide an economic competitive edge [13]. It has been observed, however,
that robotics can be an effective stimulus for catalyzing student interest in STEM disciplines [19]
[13] [15], a finding that motivated the Drawing with Robots activities.

2.2

Related Work

Prior work shows that the use of Educational Robotics can enrich learning as the process of building
or programming a robot affords students the opportunity to understand key concepts and ideas
from computing, science and engineering [13] [58]. For example, Chin et al.

[9] reported their

findings concerning the development and testing of an educational robot-based learning system. In
their research, they combined multimedia objects with an educational robot to create an application
consisting of an editing tool and a server to transform the study material. Their primary objective
was to assess the impact of this application on the performance and the level of motivation of
elementary school students. They used a four-stage experimental procedure involving a pre-test, a
post-test, a set of learning activities, and a survey questionnaire to assess the effectiveness of their
system.
The participants were assigned to either the proposed learning system or a PowerPoint-based
learning system (control group). Based on their results, the students who used the robot-based
learning system demonstrated more improvement in their performance than those in the control
group. To measure the motivational factors of attention, relevance, confidence, and satisfaction, they
used a questionnaire based on the Instructional Materials Motivation Survey, with results indicating
that the students recorded higher scores in satisfaction and relevance motivational factors. These
researchers concluded that the overall learning interest, motivation, and performance of students
could be improved by including robot-based learning systems in the educational process [9].
In similar research, Curto and Moreno [13] presented a set of practical proposals for using robots
in an educational environment. They based their work on the assertion that the use of a robot in
the classroom, both at school and as an extracurricular activity, could hone such skills as creativity,
problem solving, and teamwork. They also postulated that in the future, robots would play an even
8
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Figure 1: Scribbler 2 Robot

greater role in the educational process.

2.3

Robots

Generally, robots enable proactive learning and therefore suggest an engaging way to address several
challenging concepts that typically discourage students in STEM-related courses. For example, robot
programming can boost student understanding of programming concepts [13] [58]. Also, teaching
with the aid of robots allows students to experience basic physics when trying to determine the
correct gear wheel ratio to keep the robot from losing its balance. Programming a robot to navigate
through a maze also gives students the opportunity to understand coordinates on a plane, and they
can learn about frequencies in an exciting way by using a radio controller to control the robot [19].
While not exhaustive, these examples illustrate how robotics can help students learn STEM concepts.
Using robots as a learning tool also provides an innovative way of incorporating technology into the
learning process. This is important considering the fact that the role of technology in our society
continues to evolve. Robots can help to inspire greater enthusiasm in students while exposing them
to important concepts in new ways [11].
For our events, we used the Scribbler 2 (S2) robot shown in Figure 1, which has the ability to
draw various shapes, letters, numbers and pictures as it moves, facilitated by the pen port that can
hold a Sharpie or any similar marker. The S2 robot can be programmed by changing the propeller
source code in the BASIC-like Spin language to accomplish the challenges of a specific activity or by
using the Graphical User Interface (S2 GUI) tile-based programming tool shown in Figure 2. The
latter is a practical tool for introducing K-12 students to robotics in particular and programming in
9

Olivia Mambo Nche

Dissertation

Figure 2: Scribbler 2 Robot GUI

general [30].

2.4

Preparation

Prior to our two events we acquired four S2 robots and spent three weeks completing preliminary
steps crucial to the success of this program. First, we installed all the required software. Since the
S2 robot can be programmed using its own GUI, we installed this software onto the computers we
planned to use. The link to this software was obtained from the vendor’s website. We chose the
GUI because research has shown that it is easier to use than its text-based counterpart. Next, we
secured the equipment, including the robots, batteries, laptops, plotting paper, and Sharpies.
Our third and most important step was to conceive design ideas for our art catalogue. An initial
brainstorming session was used to formulate possible projects and determine the workflow for the
activities. After each activity was conceived, we identified the steps required to accomplish its goal.
We proceeded to program the S2 and subsequently tested the code to ensure that there were no
errors, debugging the program as necessary. As we progressed, we documented the various algorithms
and other data relevant, and updated our catalogue. The shapes in our catalogue included a square,
star, triangle, octagon, and additional designs created by combining these shapes in various ways.
A good example of such a design is the tunnel (Figure 3), which we created by combining a set of
three octagons and looping through our code eight times. The steps involved in creating a simple
shape like a square are as follows:
• Drag and drop a loop icon onto the canvas
• Set the loop counter to four
• Drag and drop a motion block onto the canvas inside the loop
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• Click on the motion block to open the edit menu
• Ensure that the wheels of the S2 robot icon are set to move forward
• Adjust the time as desired depending on the dimensions of the square
• Click the check mark
• Repeat steps 3 and 4, adjusting the wheels to go in opposite directions to ensure a turn
• Set the time to two seconds to ensure that the turn angle is ninety degrees
• Click the check mark
• Connect the S2 to the computer using the cable and the USB to Serial Adapter
• Click on the download button at the top of the GUI to download the program to the robot.
• Disconnect the cable, put a marker in the pen port, place the robot on a piece of paper, turn
it on and let it draw

2.4.0.1

The Events

The first Drawing with Robots event took place in April 2015 at Arti-

sphere and the second in October 2015 at the Fall Festival of School S. Our team partnered with
the STEAM (Science Technology Engineering Art and Math) Network’s outreach effort for both.

2.5

Artisphere—April 2015

Artisphere, an annual three-day event held in Greenville, South Carolina, gives people who love art
the opportunity to meet exhibiting artists and buy original works of art [15]. The STEAM Network
participated in this event in April 2015. Our workstation in the Network’s tent included a large sand
box covered with drawing paper on which the students drew the shapes they had programmed using
the S2. Two smaller tables in the back housed the computers used to teach the students how to
program the robot. After the students finished programming, their code was loaded onto the robot,
and we moved to the sandbox where the S2 drew the design.
As the participants approached our workstation, we offered to teach them how to program the
S2 to draw any shape of their choice using the S2 GUI. While some suggested a shape, some were
not sure about what they wanted. In these situations, we proposed to them a picture from our
catalogue. Once we settled on a project, we spent time with them, brainstorming to decide how
best to tackle the design problem, a process that encouraged algorithmic, analytical, critical and
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computational thinking. Next, we taught the students how to code their conceived design on the S2
GUI. We showed the students how to download the program onto the robot. After this point they
moved to the sand box where the S2 drew their pictures, which the students colored if they chose
to do so.
The students expressed a general sense of accomplishment when they saw the robot draw the
design that they had conceived and programmed on the S2. Sometimes they came back for a repeat
experience or to extend their project to include something more complicated. However, when there
were unexpected outcomes in the pictures indicating errors in the code, we helped them debug their
code until it produced the desired results. Students from different age groups exemplifying various
programming experiences came to this event, both those who sat down and knew what to do and
others who were experiencing coding for the first time.

2.6

Fall Festival—October 2015

The experience at School S was logistically different from the one at Artisphere, with fewer participants but the same outcome. Here we used two low tables designed for elementary school students
rather than the sand box, creating a work area surrounded by chairs for each. In addition, each
work area had a laptop, a robot, markers of various colors and drawing paper. We lined the tables
with plastic before placing the drawing papers on them to prevent the markers from bleeding onto
the tables. The remaining two robots were on standby, set up and ready to go if needed.
The low tables rendered everything completely accessible to the students irrespective of their
heights. They were circular and large, providing enough room for both the computer and the robot.
We sat with the students, teaching them how to program on the computer, download the program
onto the robot and let it draw the shape without moving from these tables. Having two workstations
meant that we were able to assist multiple students at the same time, thus reducing the wait time for
those anxious to try the other activities. As a result, sometimes we had up to ten students between
our two tables.
Some parents displayed an interest in the Drawing with Robots activity, asking questions related
to how they could obtain the S2 and the frequency of these events. Some teachers were also very
interested because they recognized the impact on the students with respect to engineering skills.
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Discussion

The main purpose of the S2 Robot activity was to introduce young learners to basic programming
concepts and to reinforce vital engineering skills, which potentially impact the future success of
students who choose to go into this field. Some of the skills that we focused on included creativity,
math, problem solving, programming, assessment, and analytic skills. Creativity, a core element of
engineering education, is the driving force behind innovation, and we sought to encourage this skill
by engaging the students in the process of creating art using robots. This afforded the students the
opportunity to conceive, create and implement a design.
During our activities, the students were encouraged to immerse themselves in a problem solving thought process, to imagine and to conceive a design because design creation originates from
inspiration to formalized reasoning, with the resulting artifacts being typical representations that
express characteristics of the objects themselves. They are also products of the imagination of the
designer. Occasionally, they can be conceived as a remix of a previous design since artifacts have
the potential to inspire, guide, and facilitate the creation new designs [58]. The designs that the
students conceived were later transformed into art by programming them onto the S2 robot.
We observed that about two thirds of the participants actively engaged in this creativity phase
and were able to conceive of challenging yet beautiful designs. One example was the case of a young
lady who wanted to program the S2 to draw a castle. This design was a new and exciting challenge
because a castle was not in our catalogue of shapes, meaning that we did not have predetermined
steps for creating it. Together with this young lady, we went through the process of brainstorming,
programming, testing, and debugging our code until we created the castle design that she had
conceived. The remaining third of the students could not conceive of their own original ideas,
meaning that they reproduced something from our catalogue or remixed two of our designs to create
an entirely new one.
Overall, the activities encouraged the students to be creative and discover fascinating concepts
in the process of creating art. In addition, this “Second Hour of Code” also reinforced math skills.
At both of our events, the students referred to geometry for inspiration to create art, finding that
simple shapes like squares, rectangles, circles, and octagons could become the foundation for creating
previously inconceivable and sometimes complicated designs. A good example was the realization
that twelve hexagons separated by an angle of approximately 45 degrees created the circular image
seen in Figure 3. In essence, a circular pattern emerged from a collection of non-circles, showing
students how a linear figure could be transformed into a circular one.
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Figure 3: An S2 Picture of Multiple Hexagons

Figure 4: S2 Tunnel
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The early design phase of brainstorming [58] called for a review of geometry and as such facilitated the re-enforcement of Math concepts. For example, in the process of designing a piece of art
consisting of squares, students had to review the unique characteristics of a square: the fact that it
has four equal sides separated by four right angles. This reinforcement of basic Math concepts was
necessary to ensure that the design exhibited the characteristics of the artifact that inspired it.
The activities also introduced the participants to rudimentary programming concepts like algorithms sequence (order) and loops while fostering problem solving and analytic thinking skills, all
concepts crucial to engineering as well. The students were intrigued to discover that in order to
program the S2 to draw something as simple as a square, they had to think through the process
and carefully note every step to obtain the expected outcome. This attention to detail is typical of
programming, and, therefore, it is good for the students to experience this thought process early in
their education. During the events, the students had to go through the “test and debug” process
for their code several times before they could accomplish the task of programming the S2 to draw
the picture expected.
We found that this process helped them to develop the skill of assessment because they had to
test the code to assess their progress and evaluate the degree to which their current art resembled the
envisioned design. It also allowed the students to discover for themselves a pathway for addressing
project challenges and pitfalls while trying to solve a problem. This aspect, coupled with the process
of finding candidate solutions for the problem of creating the conceived design, helped the students
hone their problem solving skills.
Finally, hands-on learning experiences have been shown to help students discover for themselves
the means for solving project challenges [21]. The Drawing with Robots activities explored this
finding, with our experience supporting the finding that proactive learning can help students discover
techniques of solving problems for themselves.

2.8

Summary

Drawing with Robots was designed to extend the Hour of Code by using robots to create tangible
evidence of students’ efforts and to hone crucial skills like creativity, Math, problem solving, programming, assessment and analytic skills in the process. This ”Second Hour of Code” spanned two
outreach initiatives, and at their end, we observed that students of all ages and grades interacted
easily with the S2 robot and learnt quickly how to program it.
On average, it took the younger students in grades four through six about fifteen minutes to learn
15

Olivia Mambo Nche

Dissertation

how to program the S2 to draw a simple shape like a square. Students in this age group needed
significant intervention on our part. We had to explain the process to them and walk them through
at least one example before they could work independently.
The older students took about seven minutes to do the same activity, with most needing little
intervention. Typically, it was sufficient to explain the process once for them to start working
independently. However, during their first attempt, they needed some level of guidance to become
acquainted with the system. This was different from the younger students who actually had to see
us do an example before they could make their first attempt. Occasionally, we had some students
who did not need any initial intervention because they liked to learn for themselves or they already
had some exposure to GUI programming.
The number of students who came to our work area determined how many we were able to guide
at the same time. Sometimes were able to work one-on-one with the students and at other times
we had to work with a group of up to five students at once. Even in the latter case, the students
took turns programming the S2 and drawing their own designs independently. The majority of the
students completed their designs and were impressed with their creations; some returned for a repeat
experience. There were a few students who quit because they were not patient enough to go through
the debugging process when they were having trouble programming their designs.
Parents and teachers who came to our events were impressed with the results of these activities
and asked us questions about how to acquire the S2. The teachers in particular noted that Drawing
with Robots is a good enrichment activity for K-12 students. We also observed that many female
students were drawn to our activities and were eager to conceive a design and program the S2 to
draw it. They were also successful in accomplishing their goals. This led us to conclude that the S2
can be a very useful and easy-to-use tool in the classroom and co-curricular settings to introduce
programming to students of different ages and genders.
Our outreach activities enabled the students to go through a process of conceiving a task they
would like a robot to perform, developing the steps needed for the task to be completed, deciding
how to implement the required steps and debugging the code when necessary. This served to
introduce the students to the software development life cycle as well as to foster basic Math, problem
solving, creativity, programming, assessment, and analytic skills. Those students who had neither
been exposed to programming nor had interacted with a robot had the opportunity to do so. All
the students we worked with reviewed basic geometry concepts and the majority of them created
something new.
Student reactions led us to conclude that robotic activities did indeed foster important engi16
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neering skills. We also observed that the students were excited and eager to program the robot
to draw a design, confirming that robots are exciting tools that can help students learn difficult
concepts like programming in a fun way. Because students learned to program easily using the S2
GUI, we conclude that this programming tool can help introduce students to fundamental concepts
in programming in a relatively stress-free way.
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Use of Multiple Representations in Learning Programming
Concepts

This chapter discusses a study conducted with elementary school children to introduce them to basic
programming concepts and fits in the larger goal of broadening participation in computing. In this
study, we explored the use of a unique multi-faceted curriculum that facilitates the presentation
of abstract computer science concepts within a summer camp setting. The curriculum exposed
the same abstract content to children using different representations and helps them to learn and
practice the concepts using a “hands-on” approach. Research to address the central questions in
this dissertation builds upon the earlier experience documented in this chapter.

3.1

Introduction

Use of multiple representations allows the learning needs of diverse learners to be catered for, considering the grades and ages of the participants in the summer camp. Specifically, we presented
CS concepts to these children, each in three formats: 1) using motivated real world and everyday examples, 2) elementary graphical programming, and 3) a custom video game designed to test
and exercise concepts in a fun environment. Pre-test/post-test analysis shows promising trends,
including positive changes in attitudes and learning of computational thinking and coding concepts.
Research on learning with representations has shown that multiple representations can provide
unique benefits when learning complex new ideas and that learners can enhance their performance if
they interact with an appropriate representation [4]. Multiple representations can offer opportunities
for repetition which can help to reinforce concepts. Further, multiple representations can also
accommodate different learning styles and reach a broader set of learners. This section describes
how the idea of multiple format representations can be employed in the development of a curriculum
for teaching CS concepts within the context of a summer camp. The curriculum is designed to give
students ample opportunities to learn abstract concepts.
A lack of interest or proficiency in CS subjects among students is a prevalent problem in many
school districts, yet early intervention can help to improve students’ self-efficacy and increase motivation. This deficiency is more predominant amongst African American and Latino students, who
are often largely underrepresented in computing [28], [27], [40]. Hence, it is becoming increasingly
critical to research and experiment with effective methods of engaging students of all ages, especially
minorities and traditionally excluded groups [27]. The target students for our experiment are all
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African Americans and are amongst the least likely to have access to and benefit from computer
science without intervention. Considering the ages of these children and the fact that CS concepts
tend to be abstract, we have employed a novel multi-faceted approach, which borrows from the
principles of multiple representations.
The curriculum also aims to point out the benefits of learning these concepts to the students so
that they can see how paying attention to computing could possibly impact their lives. So in part to
achieve this goal, the curriculum also incorporates a “STEM talk” element, which exposes students
to STEM career possibilities.

3.2

Related Work

In the experiment of Ainsworth [4], pre-algebra students learned about functions using a curriculum
that presented the information in multiple formats. The transition from arithmetic to algebra is
especially difficult for some students probably because the concept of functions, which is a central
topic in pre-algebra mathematics, is typically presented in an abstract format rather than in a
concrete context. Post-test results from this research [20] indicated that students who were taught
using multiple formats performed better at solving word function problems than their counterparts
who did not receive this treatment.
Geometry is also another topic in Math that is difficult for students to grasp due to the abstract
method of presentation. Wong et al. used a computer-assisted learning environment called Mr. Geo
with the help of multiple representations, to help students learn theorem proving [59]. These included
problem description, static figure, dynamic geometry figure, formal proof and proof tree. Their
empirical results indicated that students found this method most helpful in learning geometry proofs.
Multiple representation of concepts in this case was more than the context of the instruction—a
gaming environment, a lecture environment, and a problem-based environment. It also included
mathematical approaches to representing the same relationship in different ways. However, the
emphasis here is the fact that multiple representations can help students learn difficult concepts.
The above-mentioned works are all math related and multiple representations have been widely
used in math. The curriculum for this exploration employs multiple representations for computer
science concepts building on the hypothesis that, like math concepts, computer science tends to be
abstract in nature and so the concept may transfer. This work is therefore similar to the mentioned
works in that it also attempts to convey knowledge of difficult and abstract concepts to students by
presenting it in multiple formats.
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With respect to the difficulty associated with novice programming, some studies suggest that
students who complete introductory programming courses are not as competent at developing computer programs to solve straightforward problems as might be expected. Prior work indicates that
students may lack an understanding of fundamental programming concepts and that learning to
program is difficult for many students [4, 53, 37]. As a result, computing educators have tried a
variety of instructional methods to assist beginning programmers [37].
Furthermore, results from other studies to discover why some students have difficulty learning
to program point towards the fundamentals of programming [52]. From the findings of these
studies, we can conclude that experimenting with teaching methods that encourage attention to
fundamental concepts of computing might help alleviate some of the problems encountered by novice
programmers. This outreach therefore focuses on CS concepts that are applicable to all programming
languages without burdening the students with learning the syntax of any particular language. To
this end, we use a pseudo code in our lectures and video game [44], complemented by visual
programming on Snap [22].

3.3

Experiment Design

The subjects of this project are amongst those who are largely excluded when it comes to opportunities to acquire knowledge in computing. So our intervention served as an opportunity to expose
them to CS concepts in particular and include them in the quest for computing knowledge in general.
They were enrolled in a community-centered summer program. The school provided us with the
opportunity to recruit participants while our project served as part of the enrichment activities for
the students. Buses were available to bring the students to the coding camp. This location serves
as Clemson University’s campus in the low country and is conveniently located less than 10 minutes
away from the Freedom school. There were a total of about 40 students when the camp started and
30 students when it ended (14 boys and 16 girls). All the students were African Americans.
We had two cohorts of students. The first cohort comprised of students from the third and fourth
grades, while the second cohort included students from the third and fifth grades. The camp for
each cohort involved meeting twice a week for four hours. The students took a pre-test, a pre-survey.
Some questions tested computational thinking and were designed in the form of Bebras’ challenge
[14] type questions. The pre-test and the post-test were designed to assess if our intervention helped
the students learn CS concepts and positively influence their attitude towards computing. The
post-test was very similar to the pre-test. We maintained the same questions in the post-test but
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changed the numbers and names involved. This was done to discourage memorization of answers
although the chances were slim, considering that this was a six weeks long summer camp. The tools
we used for the experiment include Snap and the Unity 3D gaming engine. Snap is a blocks-based
programming tool from University of California, Berkeley [22], which is an extension of Scratch.
Unity 3D is a gaming engine that allows users to create virtual applications.

3.4

Curriculum and Methodology

In this project, basic computing concepts—sequencing, variables assignments, operators (arithmetic
and relational), conditionals, iteration—were introduced beginning with day-to-day examples with
which students are familiar and can grasp. These were later reinforced through multiple graduated
exposures. Following this methodology, we prepared a stack series of modules that were each designed
to offer the students motivation, by way of a provocative STEM-talk introduction, followed by
multiple exposures to a single focal CS concept. In the end, we opted for a two-day module length
due to practical logistics. The students were prepped at the beginning of each module by listening
to the motivational career-oriented STEM talk. In this talk we emphasized the connection between
excellence in STEM and a great career in the future. This was intended to make students aware
that they had great opportunities before them if they focused on STEM and coding. We brought in
a guest speaker who is an expert in his/her field to deliver the talk. The speakers typically talked
about the path to their current career, what they do on their jobs and how they use computers to
do their jobs. In every discussion, we ensured that a parallel was drawn between what the kids were
learning in the camp and the different career options they were exposed to.
This was closely followed by content exposure of a specific CS concept in a traditional lecture style.
Then we extrapolated this concept to Snap to showcase how it is explored in a visual block-based
programming interface and then categorically merged the two together. This segment was followed
by a game session in which the students got to explore the same content in a video game. Another
interesting feature which we incorporated into the curriculum was a STEM activity segment. During
this session, the students interacted with various small robots which are programmable through a
simple graphical user interface. This further emphasized the same CS concept that was being
explored in Snap. Finally, the students finished each module with a creative period that let them
explore the new concept (with previous ones) to make designated programs.
In its construction, the module was designed to provide: 1) scaffolding within and across modules
with repetitive cumulative concept reprises; 2) multiple and varied exposures of each CS concept;
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and 3) frequent opportunities for free experimentation. Considering the poor reading skills of some
of the students, we added a short reading period to help the students who needed to improve their
reading skills. During this time, the students watched an excerpt of a movie and then took turns
reading the corresponding script out loud. The summer camp lasted five weeks. The first and
last weeks were spent on introduction and conclusion. The introductory week was dedicated to
administering a pre-test and pre-survey. It was also used to introduce Snap, and general concepts
about computers, including key terms such as “algorithm”, “program”, programming languages
and so on. In this phase, we used “making a peanut butter and jelly sandwich” as an example to
emphasize the importance of sequence and order in executing computer programs.
The middle three weeks were devoted to three modules, each focusing on different concepts.
During the concluding week, the students took the post assessment tests, created their final projects,
and participated in a graduation ceremony. The ordering of computing concepts roughly follows the
learning trajectory for school children detailed and adapted from the Beauty and Joy of Computing
course developed at the University of California, Berkeley [22]. Inspired also by the work of Rich,
et al. [48] in formulating learning trajectories for students from K-8 grades, we created a taxonomy
of concepts that influenced the order in which our curriculum was executed.
3.4.1

Module 1: Focus on Variables, Assignments, Operators

In this module, the first 35-minute block was dedicated to an interactive talk, which allowed the
students to peek into programming using the terminal and web page designing. After the break,
we introduced the concept of assignments, operators, and variables to the students using everyday
examples like a piggy bank, which is a single holder that can contain a variable amount of money.
This portion constituted the first presentation in this module (Figure 5). In the second presentation,
we explored these concepts in Snap. We initially focused on creating, naming, and using variables
by dragging and dropping relevant blocks on to the script area. We then used several Snap examples
to help the students understand variables, assignments, and operators. The last portion of the class
was dedicated to hands-on activities in Snap and STEM. Day 2 started off with a concept reprise
of variables, assignments, and operators, followed by further extended examples in Snap to solidify
the topic.
Then the students spent the rest of the afternoon playing the video game developed in Unity
3D. The various game levels were based upon the content and concepts that were expounded upon
earlier. It contained questions in the form of pseudocode snippets, covering the concepts taught in
the respective Modules. In the discussion in [44], benefits of the educational video game, including
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Figure 5: Multiple Representations

its ability to pinpoint student obstacles and encourage student practice with concepts are noted.
This was the third representation in which the same CS concepts were presented. During the last
20 minutes of this segment, the students who needed help in reading were released to participate
in the reading activity for that week. The subsequent modules followed this same pattern with the
only difference being the content.
3.4.2

Module 2: Focus on Conditionals

For Module 2, the students listened to a talk about programmable LEDs in relation to how they
are programmed and used. In the first presentation of this module, we introduced students to
conditionals using examples like “if it is raining, then take an umbrella” to foster the concepts of
decision making based on some condition (Figure 6). They proceeded to create artifacts on Snap
using conditionals in the second presentation and for the third presentation students played the
video game levels dedicated to conditionals.
3.4.3

Module 3: Focus on Loops

The third module focused on repetition. The module began with a talk from an architect. Amongst
other things, she showed the students how house plans were drawn in the past manually and how
they are done today with the aid of computer applications. This allowed the students to see how
critical computing has become in this career field. The first presentation followed this discussion. In
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Figure 6: Three representations of coding

this phase, the students were introduced to repetition and how computers handle them using loops
and repeat patterns.
In phase two, we used Snap to foster the concept of loops and let the students practice with
several examples. For the third presentation, as usual, the students played CodeTracesure levels
dedicated to loops.

3.5

Impact

Measuring student learning is critical to any educational effort [55]. Therefore, the main objective
of our assessment was to determine the extent to which our instructional intervention had impacted
student learning. We used three forms of evaluation to accomplish this. The first one was informal,
yet revealing. The second one was quantitative and aimed at assessing logical reasoning with core
concepts. The last one was qualitative and an evaluation of students’ attitudes.

3.5.1

Engagement and Learning

We assigned a final project to the students in Snap and gave them a choice—to create a picture or
to build a conversational agent. We gave them loose guidelines but required them to utilize at least
three of the concepts they had learned. We encouraged the students to take the projects in their own
direction. This was done partly to encourage student involvement and creativity. We observed that
they were focused, engaged, entertained, and eager to collaborate and share their work. A female
student built a set of functions, each of which made a unique shape and color. Then she proceeded
to use them like a custom tool palette to produce artwork; see Figure 7. While her program elements
were simple, she succeeded in expressing herself in a creative way by constructing an art piece
out of coded elements. Another pair of students used a feature to put two sprites on the screen
(something not covered in the class) and systematically unfolded a story through a conversation
between the two characters. The story might not have made much sense, but they had a tremen24
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Figure 7: Sample of student outcome

dously good time evolving the storyline and sharing it with their peers. Their final projects showed
evidence of the application of CS concepts.

3.5.2

Quantitative Assessment

To assess the impact on students’ ability to reason logically in the presence of computational concepts, we employed a test instrument similar to the examples shown in the previous section. The
questions were based on the content delivered to the kids to see if our intervention had any impact
on them. A total of thirty students were present for both tests: There were ten in the third grade,
eleven in the forth grade and nine in the fifth grade. A majority of all the students scored higher on
the post-test (Figure 8). A two sample z-test shows that students’ post-test scores were statistically
significantly higher than the pre-test scores. z = -2.35, p = 0.001. We conducted a one-tailed
t-test to see if the difference between the pre- and post-test scores of the students in each grade and
between the boys and girls was significant. From the p values we can see that the third graders
were the only ones who did not seem to make any significant improvement. However, the other
two grades and gender categories showed significant improvement from pre-test to post-test with p
values < 0.0001.

3.5.3

Qualitative Assessment

To assess the impact on student attitudes towards computing and to understand how much they
enjoyed the camp, we administered surveys modeled on those used by the Georgia Tech Institute
for Computing Education in their camps [20]. Two items were of particular interest to us as we
embarked on this coding camp venture: 1) we wanted to know if our intervention caused the students
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Figure 8: Pre-test vs. Post-test scores for all students. N = 30.

to become more interested in computing and 2) if it had any effect on their self-efficacy. Overall, we
found that more students felt that people like them can do computing. We also saw that slightly
more than half of the participants think that the camp increased their interest in computing. A
majority found the camp to be fun.

3.6

Discussion

The results from our assessments show general cognitive and affective improvement for most of the
participants. Cognitive assessment shows that there was an overall improvement from the pre- to
post-test results for most students (Figure 8). Based on the p values of the statistical analysis of
both the z- and t-tests, we can conclude that the results of our assessments are significant. All
the participants from the third to the fifth grades were exposed to the same treatment in order for
us to assess how the students in the various grades would respond. We noticed that the greatest
improvement in test scores was observed amongst the forth graders, followed by the fifth graders.
The third grade students made some progress but not as much as the students in the other
grades. We think that this is as a result of the age difference between the students. We note there
was a greater difference between the tests scores of the students in the third and forth grades than
there was between the forth and fifth graders’ scores. We also noticed (from the statistical analysis)
that the boys demonstrated slightly higher improvements from pre to post-test than the girls (Figure
9 & 10), although the student who scored the highest on the post-test assessment and our overall
best student was female. This particular student was just exceptional and thoroughly enjoyed the
camp. She distinguished herself in attitude and academic excellence.
In this project, we can only report the trends that we observed in the performance of the students
from the data we collected. However, we are unable to provide sufficient explanations for the trends
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Figure 9: Pre- and post-test scores for girls. N = 16

and what caused them. The students demonstrated in their final projects that they had indeed
gained knowledge of CS concepts. The fact that they were able to apply at least three of the
concepts learned during the camp to create a final artifact shows that they had at least learned
a subset of the core concepts. We also noticed that some of the students took off on a tangent
with their projects as they explored other aspects of Snap that were not covered in the class. For
example, the students who created the conversational agents did not only use concepts learned in
class but also applied them in another context not necessarily covered during the lectures. This is
further evidence that the students had gained content knowledge and were excited enough to push
the bounds of the camp curriculum driven by their own creativity.
When operating a summer camp, one expects that there would be possible unforeseen logistical
circumstances that could have an impact on the camp. In our case, intermittent transportation
failures caused us to make adjustments to the module on loops (Module 3). Similarly, we started
off the camp with about 40 students but only retained 30 in the end. This was because we had
no control over the circumstances surrounding the students’ ability to come or not since we were
working with another group that facilitated the availability of the students. If a student exited their
program in the middle, then that student had to drop out of our coding camp too which was the
case with a few students. The fact that it was in the summer also means that family traveling time
could interfere with student availability until the end. For future reference, providing some sort of
incentive for the students to stay until the end is highly recommended.
The teachers and mentors who participated in this project served as facilitators in the hands-on
sessions when the students got to create artifacts using the knowledge acquired in the respective
modules. This project also served to some extent as a professional development for the teachers, as
they got an opportunity to also learn CS concepts. The parents did not play any active role in this
project but were present on graduation day to see what their children had accomplished.
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Figure 10: Pre- and post-test scores for boys. N = 14

3.7

Summary

This chapter has presented an approach that uses multiple representations to help African American elementary school children learn and enjoy computational concepts. Considering the fact that
CS concepts tend to be abstract in nature and that abstract content can be difficult for students
regardless of their ages, we attempted to overcome this challenge by employing a curriculum which
facilitates the presentation of CS concepts in multiple representations. Another rationale for our
project is the fact that studies have shown that some of the problems associated with novice programming are related to a lack of understanding of CS fundamentals.
In this project, we therefore focused on exploring fundamental CS concepts which cut across the
different languages, in a bit to expose these children to them and jumpstart their journey in computer
science. The results from the qualitative assessments, the pre- and post-test show improvements in
the students’ performance. We conclude, that our strategy was useful
in helping students learn fundamental CS concepts. We also observed diverse levels and trends
of improvements across the different grades. While we have no explanations for some of the patterns
we observed, we note that age plays a role in a student’s ability to grasp certain concepts.
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Exploring Specific Programming Difficulties Using A Video
Game

4.1

Introduction

This chapter details an account of one of our avenues for broadening participation, which is to understand the code reasoning difficulties that elementary school children face and propose a possible
early detection methodology. Studies show that most beginning students struggle with understanding fundamental CS concepts and with code tracing and novice programming. This research targeted
third to fifth grade African American students as a step towards making computer science accessible
to all children. The study was conducted in a summer camp with 40 students and replicated with
20 new students the following summer. Also participating in the second summer camp were 19
returning students.
This account compares the performance of the students from the above-mentioned sets and
presents findings about the students’ potential challenges with code understanding. For data collection, the study leveraged a “serious” video game (CodeTracesure) that we developed to incorporate
code-tracing activities. The activities were incremental and at a level suitable for elementary students, introducing concepts such as assignments, variables, sequencing, and operators. Performance
data was collected in the background as children played the game and from think aloud sessions.
Results include common code understanding challenges for all children and effective early detection
of children with the most challenges.
To provide a fun and engaging learning environment, we used a video game that we have especially
developed [6] [51] [41] as a tool for our exploration and investigation. This study was conducted first
in a summer coding camp in 2018. It was repeated in a camp in 2019. This replication permits us
to confirm or question the trends of code understanding challenges exhibited by elementary school
students. In addition to learning about student challenges, data collected during game playing can
be beneficial to identify children who need the most help early. Such early detection can in turn
assist in early intervention and help for those students.

4.2

Related Work

Several studies target broadening participation as they strive to include as many students as possible
in computing education [8] [24] [40]. These endeavors assume different formats. They range from
direct interventions in classrooms to extracurricular settings like summer camps, workshops and
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roadshows [18] [46]. Summer camps have been widely used to reach different populations with CS
knowledge. Studies show that camps can be beneficial in engaging underrepresented groups.
To foster diversity and bridge this gap, attempts have been made to reach out to girls, Latinos
and African American students. In one such endeavor, Thomas [56] carried out a longitudinal
between-groups research project that explored how African-American middle-school girls develop
computational algorithmic thinking (CAT) capabilities over time in the context of game design for
social change.
Ericson [18] also documents two outreach endeavors (Rise Up 4 CS and Sisters Rise Up 4 CS)
that target African American students and girls in particular. In this broadening participation
endeavor, we focus on code tracing and understanding student difficulties with fundamental CS
concepts because prior studies seem to indicate that these are crucial issues. Kumar has conducted
a study to investigate whether solving code tracing problems could help improve students’ code
writing skills. He observed a statistically significant improvement in code writing skills [36]. This
research has also benefited from the discussion in [12] where the results of an experiment with
undergraduate students to understand the exact difficulties that students face in logically reasoning
about a given piece of code are presented.
Our study leveraged a serious game as a medium for learning. Serious games have objectives
other than pure entertainment and they include aspects of education: teaching, training, and informing [29]. Games have the potential to teach concepts in a fun and engaging manner [6] [28] [?] [51].
For example, a well-designed game can increase students’ motivation level to learn the topic of the
game. This is why a game was our tool of choice. Shabanah et al. propose playing computer games
as a new form of active engagement that combines all five active forms of the Active Engagement
Taxonomy [51] [42]. In a related study involving games, Buffum et al. developed both the ENGAGE game-based learning environment and its accompanying computer science curriculum to hone
students’ computational skills [7].

4.3

Research Questions

A key goal of our work was to understand potential challenges that elementary school students face
in learning fundamental coding concepts. An equally important goal for the game was to encourage
students to get as much practice as possible in an environment free of pressure while working on
their own. Since there are few studies that directly target elementary African American children,
this research aimed at gaining some insights into the learning of students within this population.
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Specifically we raised and answered the following educational research questions.
• ERQ 1: What are the performance patterns that students exhibit with the following fundamental programming concepts: assignments, sequence, operators, and conditionals? How do
students reason about the concepts on which they do not perform as well?
• Sub-ERQ on Early Detection: To what extent is a student’s performance in Module 1 of the
game on basic coding concepts predictive of their overall performance? In essence, can the
game be useful to identify children who would need the most help?

4.4
4.4.1

Method
Target Sample

This research targeted elementary students in third to fifth grades attending a five-week summer
camp. All camp students were African Americans from the low country of South Carolina. The
study was first conducted in the summer of 2018 with about 40 student participants who were about
evenly distributed between males and females. We divided the students into two groups that met
twice a week for two hours for a total of four contact hours per week per cohort. The use of two
cohorts was purely for logistical reasons and the selection randomly placed some third and fourth
graders in one cohort and the rest of the third and fifth graders in the second cohort. Half of the
students were third graders while the other half was split down the middle between the fourth and
the fifth grade students.
In the summer of 2019, another set of 39 students registered to attend the summer camp of
whom 19 were returning students. Hence, we divided the entire population into two cohorts with
all returning students in one group and the new students in another. This was done so as to tailor
our curriculum accordingly. One cohort in 2019 included students from the third, fourth and fifth
grades and the other cohort had students from the fourth and fifth grades.

4.4.2

Experimental Design and A Taxonomy of Basic Concepts

This was a Within-Subject design. The Dependent variable was the amount of knowledge gained in
fundamental programming concepts through the process as measured by the test instruments. The
participants were all subject to the same treatment.
There was no discrimination in age or grade level and so all the students were exposed to the
same treatment. Each student and all grades were taught and tested on all the concepts. Following
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the work of Rich, et al., which presents K-8 learning trajectories [48], we have conceived a detailed
taxonomy. This taxonomy, shown in Table 5 identifies individual coding concepts and borrows basic
elements of the learning trajectory idea in [48]. The taxonomy deals only with integer and Boolean
variables. In each case, code containing a single assignment statement is introduced first. Then the
concept of sequencing of assignment statements is presented. After that, arithmetic operators and
Boolean operators are introduced. Self-referential assignments are then introduced in which case
the same variable appears on the left-hand side and right hand-side of an assignment.
We used instructional design and development as the foundational theory [54] to facilitate and
support learning. The study constituted two parts: Lectures using a curriculum which matched
the taxonomy explained above and a video game. The students were initially exposed to content
pertaining to basic programming concepts in a traditional lecture format. During the lessons, we
also coached the students specifically with the vocabulary that X ←− 6 means “X gets the value 6”
as this was the syntax of the pseudo code we were using. Following the lessons, students played the
video game module that was related to the concept they had learned.
The video game was used as a conveyor belt for questions and for eventual assessment of student
understanding of specific concepts. We had a total of three modules for both the curriculum and the
game. Module 1 was dedicated to assignments, sequence, variables (types) and operators. Module
2 focused on conditionals, and module 3 on loops. Each module of the game contained five levels
and each level had five questions which focused on a specific concepts. Although there were five
questions per level, all of them were just variations that tested the exact same concept. So, a student
had five attempts to answer questions pertaining to a particular concept after having been taught
CS concepts in a lecture format which was complemented by Snap [23].
Only the subset of concepts covered in Module 1 and a sample concept covered in Module 2 on
conditions are listed in Table 5. One of the latter questions in the think-aloud is from Module 2 and
hence we have included this concept here. However, this study does not contain an evaluation for
most of Module 2 and all of Module 3. This because due to logistical reasons, we did not get data
for most of Module 2 and 3 and that is why these portions are excluded from this account.
Both summer camps adopted the same format and used the same curriculum. The only modification in 2019 is that for returning students who had already been exposed to the concepts the
previous year, a project-based learning approach to help them improve their understanding of concepts was used. They were encouraged to apply their concept knowledge in different projects and
showcase these projects at the end of each week.
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Table 5: Summary Of Concepts Per Level

4.5

Levels
Level 1

Focus Concept
Assignment

Level 2

Sequence

Level 3

Boolean

Level 4

Arithmetic Operators

Level 5

Boolean Operators

Level 6

Self-referential Assignment

Game Questions
m ← 50;
What is the value of m?
A. 80 B. 70 C. 50 D. 40
x ← 3;
x ← 4;
What is the value of x?
A. 3 B. 5 C. 7 D. 4
clothes clean ← true;
Are the clothes clean?
A. Yes B. No C. None D. Both
vol ← 30 + 2;
vol ← 20 - 10;
What is the value of vol?
A. 10 B. 32 C. 70 D. 40
can sing ← true;
can skip ← false;
Can he sing and skip?
A. Yes B. No C. None D. Both
total ← 3;
total ← total + 5;
What is the value of vol?
A. 3 B. 2 C. 8 D. 5

Video Game Description

The game design had a little panda walking around a maze in the dark with a light attached to it.
As it moved around the maze, the player came across questions in random spots within the maze
(Figure 11). When a question was found, the only way the player could move forward was to answer
the question. A correct answer earned the student points but even if the student failed the question,
he/she was still allowed to continue playing the game without earning points. Once the student
finished a level, he/she could proceed to the next level regardless of whether all the questions were
answered correctly or not. However, the student could not skip a level.

As explained above, the questions in each module followed the taxonomy in Table 5 and hence
matched the lectures. The video game was designed with a database to collect data on the students’
performance. The data included a time stamp on when they answered the questions, how many
attempts were attempted, which answer choice was selected and what the correct answer was.
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Figure 11: Illustration of a Code Tracing Question

4.6

Tests and Think-Aloud Sessions

To assess students’ performance and understanding of the concepts taught, we administered a pretest and post-test, a think-aloud session at the end and inserted code snippets for code tracing
assessment within the video game. The pre-test and post-test questions relating to programming
and computational thinking were divided into three sections as follows: Section 1 comprised of
questions similar to those in the game. They were small pieces of code which the students were
supposed to read/trace and tell what the output of the code would be. Section 2 was made up of
questions about SNAP (a blocks-based programming language and graphical user interface). The
students were asked to predict the outcome of small pieces of SNAP code. In the third section, we
asked questions similar to those in Bebras challenge [14] to evaluate more general computational
thinking skills. The latter is an initiative intended to hone the computational thinking skills of
students.
At the end of the camp, we conducted think-aloud sessions. During these sessions, students were
interviewed one at a time while they played the game. We prepared a version of the game that
contained only one level and therefore only five questions, spanning at least five of the concepts
taught in this camp. See sample questions in Table 5. The students were encouraged to vocalize
their thoughts as they answered each question. This was intended to determine how they thought
through each question.

4.7

Results

This summary of results presents findings from all our data collection channels and assessments.
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Figure 12: Mean Scores for the Three Sets of Students. N(2018) = 40. N(2019 - NS = 20). N(2019
- RS = 19)

4.7.1

ERQ 1: Potential Code Understanding Challenges

To answer ERQ 1, we analyzed the data from the game database and the think-aloud sessions. Analysis of the game data revealed different mean scores (Figure 12) for different concepts. Sequencing
of assignments and operators were the concepts with the lowest mean scores. For the purpose of
this analysis, each question carried one point and so the maximum score for each level was five
points. From the graph in Figure 12, we can see that in 2018, the students seemed to do well with
assignments and self-referential variables. However, they demonstrated the greatest weaknesses with
sequence of assignments, followed by Boolean operators and then arithmetic operators to a lesser
extent. When some of them returned the following summer we saw a similar pattern except that
they made progress with arithmetic operators.
We also note from Figure 12 that the new students in 2019 exhibited a pattern close to that which
the students in the 2018 summer camp had demonstrated. We did some further statistical analysis
to see if the difference in performance was significant by comparing the mean of the concept where
the students performed the highest to that of the one where the students performed the lowest. An
ANOVA was conducted to see if a statistically significant difference existed between these means.
Table 6 summarises the results. In the table below, NS stands for new students while RS refers to
returning students. Assign is a simple assignment, AO refers to arithmetic operators and BO refers
to Boolean operators. Seq is short for sequencing of assignments.
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Table 6: Statistical Comparisons of Concepts with Highest and Lowest Mean

2019 NS
2019 RS
2018 NS

4.8

Assign Vs Seq
P < 0.01
P < 0.001
P < 0.01

Assign Vs AO
P < 0.05
NS
NS

Assign Vs BO
P < 0.05
P < 0.05
NS

Qualitative Analysis of Basic Coding Challenges

The think-aloud studies also revealed that students struggled with operators and sequence of assignments. We illustrate their reasoning with examples:

4.8.1

Correct Thought Process About a Sequence of Assignments

Amongst the students who answered the sequence question correctly, some explained that “the
second statement is the only (one) to consider.” This shows that these students have grasped the
concept of order to some extent. Others explained that “when you put a value in, if you put a
different one in, the first one is gone.”

4.8.2

Incorrect Thought Process

Some students who did not understand sequencing of assignments solved a nonexistent problem, for
example, by assuming that the “assignment statements are cumulative.” For the question shown
below, a student just added or subtracted everything in both assignments in some order, and picked
an answer.
book box ←− 6 + 2;
book box ←− 5 - 1;
How many books are in the book box?
A. 8 B. 5 C. 6 D. 4 E. Don’t know
Another student used the process of elimination of choices and mentioned “round.” When a
wrong answer choice which a student expected was not available, the student decided to find a
choice that was close to their expected answer.

4.8.3

Correct Thought Process, Wrong Answer

Some students thought about the problem correctly, stating that the second sequence statement is
the correct one to focus but choose a wrong answer. The problem had to do with arithmetic mistakes,
but not with understanding a sequence of assignments. For example, for the above question, they
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picked 6 as an answer choice because they evaluated 5 - 1 incorrectly as 5 + 1. We noticed this
trend in later conditional questions where the student evaluates the condition correctly but picks the
wrong answer because of arithmetic mistakes. Students also demonstrated difficulties with relational
operators and Boolean operators.
4.8.4

Arithmetic Operator Problems:

We found that a lot of the struggling students exhibited problems with arithmetic operators. These
students had problems distinguishing between addition and subtraction and would therefore choose
the wrong answer.
4.8.5

Boolean Operators:

Another concept that seemed challenging to the students was the concept of Boolean operators. We
found that most of the students who failed the question understood and could explain the meaning
of a simple Boolean expression like
can sing ← true;
However, when we added another Boolean statement and an operator like OR or AND:
can sing ← true;
can skip ← false;
Can he sing AND skip?
A. Yes B. No C. None D. Both
Many of the students could not answer the question correctly again. They couldn’t distinguish
between which conditions hold true for OR and which ones hold true for AND. Here is an explanation
that a student who failed this question gave for his answer choice: “Because the top one is false and
the bottom one is true. So, if the top one is true then I’ll press yes. If the bottom one says false,
I’ll also press yes.” This student seems confused about the operators.
4.8.6

Relational Operators and if..else:

Because of the varying pace of the individual students in playing the game, not all of them were
able to play up to level 8 in the second module which focused on conditionals. Therefore, we are
only able to comment on this level because of the data collected from the think-aloud session. A
few of the students answered the conditional question on the think-aloud game version correctly but
many students failed the question. Some of the students who failed this question in the think-aloud
session did so, not because they did not understand the fundamental construct of an if statement,
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but because they struggled with the relational operators associated with these questions. Here is an
example of a think-aloud question and a student’s explanation. This student did not get it right.
num ← 50;
score ← 0;
If (num < = 30)
score ← num + 1;
else
score ← num – 2;
What is the value of score?
A. 48 B.51 C.50 D.0
This student was confused about the <= sign in the if statement. First the student said, “That’s
the sigma, no that’s not the sigma.” Then changed his mind and said, “Oh greater than” He changed
his mind again and said, “Its less than” and finally settled with “No, it’s greater than”

4.8.7

Default Value Problem:

Some of the others who demonstrated challenges with the if statement question as well picked the
default value of the variable as the final answer, showing that they are confused by the default value.
The few students who answered the loop questions demonstrated a lack of understanding of this
concept.

4.8.8

Sub-ERQ: Children Who Experience Challenges

The game database is used to collect performance data as the students play the game. Thus, it is was
possible to track individual student performance via the designated credentials preassigned to the
students. As such students’ struggles and progress were documented. Furthermore, a comparison
was done of the student’s first attempt Module 1 game performance to their post-test (which also
included SNAP and Bebras’ challenge type questions) scores. In order to accomplish this, the
students’ first attempt game scores were converted to percentages as well as their post-test scores.
We observed that for both 2018 students and 2019 new students, there was a correlation with an
R2 value of about 0.46, indicating that performance in the most basic first module is predictive to
some extent.
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Discussion

This study focuses on investigating the potential code understanding challenges that elementary
students might encounter with respect to fundamental CS concepts. Throughout the duration of
the camp, the students had several opportunities to play the game and were encouraged to make
multiple attempts at each level, at their convenience and pace. Due to varying student pace and
other logistics, the students did not complete all the modules as we anticipated. Hence our data
analysis focuses on data we collected using the game database and think-alouds. Our data analysis
led us to the following conclusions:

4.9.1

Conclusion and Confounding Factors for ERQ1:

We observed that students’ performance varies across the various concepts. They appeared to do
well in some concepts but manifested challenges with others as seen by the differences between
the mean scores for the various concepts. Since an analysis of variance of the means between the
highest performance and the lowest performance was significant, we conclude that the difference in
performance is significant for these concepts. Hence we conclude that the students seem to face
challenges with sequences the most and all operators to different extents.
The 2019 returning students appear to have improved a bit with arithmetic operators over the
course of one year. It could just be that they more mature or that their arithmetic skills improved.
An important observation is that while the game data gives us a general idea of which concepts
could be potentially problematic, it does not tell us exactly what it is about that concept that
poses challenges to these students. The follow up think-aloud sessions which facilitated student
explanations of their answer choices as they played the game provided further details about the
challenges students faced. For example, we found that the problem with sequence was not just with
order but with the associated arithmetic operators in some cases. At other times, the student picked
the first statement showing that they do not understand overwriting.
The fact that some students actually solved the non-existent problem is a clear indicator of their
lack of understanding or mastery of order and overriding. It is also worth noting that occasionally
during the think-aloud sessions, a student would give a wrong explanation and yet due to a sheer
lucky guess would still pick the correct answers. As a result, we cross-checked student’s explanations
with the answer choice in the database for the think-aloud sessions in order to correct for this error.
Therefore, the think-aloud session was a great supplementary instrument because it allowed us to
separate what was a lucky guess from an actual knowledge based correct answer.
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Conclusion and Confounding Factors for Sub-ERQ on Early Detection:

A moderate correlation exists between students’ performance in the game and the post-test seems
to indicate that we can possibly predict the student’s performance in the post-test by their Module
1 average performance in the game. This implies that after the first attempt at the game, we can
possibly isolate students who will do well, those who will potentially struggle and where they might
struggle. One confounding factor is that the post-tests in 2018 and 2019 are not identical. Another
confounding factor is the difficulty some third graders had in reading that might have affected their
answers. However, the game has potential to act as an early detection tool to help us identify the
students who struggle. It can also help us to understand the skill set possessed by students who
succeed. As such, we can hone these skills and teach them to other students as well. The fact that
the first response from Module 1 can somewhat predict possible post-test performance is useful in
that it has the potential to support dynamic adjustments that are adapted to individuals. Since
video games are engaging in nature, it differs from a regular pre-test in that the students are engaged
in a fun activity while being assessed.

4.10

Summary

This research focused on understanding basic code reasoning challenges for elementary African American school children by engaging them in fundamental concepts in a lecture format and providing
an avenue for practice and assessment via a video game. A key goal in the study was to pinpoint
potential challenges that children might face. We found that students struggled with sequencing of
assignments and all operators. We also investigated if the game could be used as an early identification tool to identify the students who struggle. We found that the game had the potential to
do so because there is a moderate correlation between the first attempt game performance and the
post-test scores.
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Game Design—Programming Concepts Embedded in Game
Mechanics

5.1

Introduction

This work brings together key elements of our prior work towards broadening participation and
engaging all students in computer science. This section describes the development and evaluation of
a novel game design that is intended to attract and engage as many students as possible in learning
fundamental coding concepts. Utilizing the findings from our prior research, we design and test
a custom-built video game, with a robot as an agent, whose game mechanics incorporate specific
programming concepts discussed in the introduction. The game provides a fun and interactive way
for students to learn the concepts, building on the earlier findings which are summarized below:
• The Drawing with Robots activities served to introduce students to fundamental programming
concepts in a relatively stress-free way and helped confirm that robots are exciting tools that
can aid students with learning difficult concepts like programming, in a fun way.
• The study with CodeTracesure helped us understand the potential difficulties students might
face with fundamental programming concepts. This study also confirmed that video games
can be a fun and interesting way to engage students in learning programming.
We weave these basic concepts into the game mechanics of a video game and use a robot as an agent
to convey computing knowledge to K-12 students. The remainder of this chapter is dedicated to the
design and testing of this game, as we employ it to address the central research questions.

5.2

Related Work

We set out to design a game that integrates the programming concepts listed in Tables 1—4 with its
game mechanics. A review of the literature documenting some games which have been used in the
past to teach programming is given below. However, in our review we were not able to find anything
that resembled what we envisaged.
There is significant work in the literature justifying the use of serious games as educational tools.
Games can provide potentially engaging programming activities which can help students hone their
skills. There exist some games that employ different approaches but most educational games use
the process of game design itself to teach programming. This literature review will explore some of
the related studies.
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A literature review by Becker and Parker [5] explains why classic arcade games in general and
computer games (which are playable on all computing platforms) in particular are ideal tools for
learning programming. In this paper, they explore various classic arcade games and demonstrate
where they connect with computer science pedagogy. They also point out that classic arcade games
embody virtually all of the components necessary for a thorough grounding in software design. They
conclude that arcade games can facilitate learning and provide a rich source of engaging programming
assignment options.
A study conducted by Liu [39] investigated the effect that educational games had on students’
academic performance. This study focused on 110 computer science college students and was conducted over one semester. It employed two experimental groups-—-a control and a treatment group.
The former used an instructional method that did not include elements of gaming but the latter
used a gaming approach to provide instruction. Findings showed that integrating game elements
into a learning process can positively impact a student’s performance.
Several games have been developed to help students with learning. One of them is Pex4Fun
[57]. It is categorized as a serious game and is used to help students (high school and higher) learn
programming. It is hosted in the cloud. It helps students by suggesting input values that students
can use to run the code and understand the workings of the code from the outputs. Pex4Fun can
also detect discrepancies between code functionality and the teacher’s specifications.
Another educational game is LightBot . It helps students learn programming concepts like
abstraction, functions, loops and sequence. is essentially a puzzle game which requires a robot to
light up all the blue tiles of a tile puzzle. However, in order for it to perform this task, the player has
to first program the robot using instructions like forward(), turnRight(), turnLeft(), jump(), light(),
funct1(), and funct2(), which are provided to him/her [26] [60].
Our game is similar to LightBot in the sense that game mechanics in both cases help students
learn programming concepts but the concepts that are addressed in each of them are different, as
well as the game mechanics. Our game is also different from Pex4Fun in that the focus and approach
of the latter is different. There are no concept-integrated game mechanics involved with Pex4Fun
as it is in our case.

5.3

Video Game Design

The first video game called CodeTreacesure was designed to facilitate the identification of potential
learning difficulties that students face with fundamental programming concepts. A detailed descrip42
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Figure 13: Illustration of a Code Tracing Question

tion of this game design is found in Chapter 4. The game was designed with an internal database
for storing data collected on the students’ performance. The data collected included a time stamp
on when they answered the questions, how many attempts were made to answer the question, which
answer choice was selected and whether it was correct. The students enjoyed playing the game
and we collected performance data which helped us to identify student difficulties. From the user’s
standpoint, the point of the game was to earn points by directing a player to roam a maze, avoid
bears, and find and correctly answer concept related questions. However, the game mechanics were
not designed to teach or foster the understanding of concepts. Therefore we have attempted to fix
this in the new game. The next paragraph discusses our journey to the new game.
The initial design of the new game was based on using the metaphor of a treasure chest. With this
metaphor, the treasure chest represents an integer variable, and a player completes an assignment
statement by picking up and placing gems into a treasure chest as specified by the question. The
number of gems represents the value of the variable. This metaphor seemed to work well until we got
to a question where we had to assign a variable to another variable. This process involves copying
contents of the first variable, e.g., from a green chest and placing that inside the second variable (a
red chest). We could not find a good way within the game to direct a player to take this kind of an
action with a treasure chest and thus, we decided against using this metaphor.
The next metaphor was one that utilized a duck. This approach seemed to work well across all
of the programming concepts we are trying to convey. The duck makes an assignment by reading a
set of instructions and laying eggs in a nest according to the instructions. The nest represents an
integer variable and the number of eggs represents the variable’s value. The duck makes a copy by
looking at the content of one nest and laying a corresponding number of eggs in the another nest. It
43

Olivia Mambo Nche

Dissertation

Figure 14: Treasure Chest Metaphor

Figure 15: Duck Metaphor

deletes by stomping on the eggs in the nest or by eating them. Upon further reflection, we decided
that the proposed method of crushing and deleting eggs was not a pleasing action for students (or
game designers).
Finally we explored a robot metaphor and it seemed to work well for all concepts and all actions
taken by the robot did not incite negative emotions. Every metaphor considered, including this
one, was vetted by others outside of the design team. Their feedback suggested that they found
the approach to have considerable potential. Therefore we adopted a robot as an agent for the new
game.
The current robot-based game design comprises independent animations of various relevant components. It consists of levels of concepts ordered according to the taxonomy detailed in the introductory segment of this proposal (Table 5). To this end, each level covers a specific concept which
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Figure 16: Robot Metaphor

is described in greater detail in the next subsections. A robot called Hbot represents the player and
attempts to make the abstract content of programming concepts more concrete to facilitate student
understanding. A second robot called Ang helps to provide the instructions which the student will
need to complete each level.

5.3.1

Demonstrate

Each concept is introduced by a ”Demonstrate” activity where Hbot perceives the concept as an instruction and acts it out for the student to observe. Ang on the other hand ”speaks” the instructions
needed. This activity can be viewed as a tutorial for that specific level.

5.3.2

Lead the Robot

The ”Demonstrate” activity is succeeded by ”Lead the Robot” activities where the student receives
the instructions and has the responsibility of leading the robot to perform the required activity.

5.4

New Game Design

The design of the new video game focused on integrating the concepts into the game mechanics. The
challenge therefore was to create game mechanics that would convey these concepts to the students
as they interacted with the game. The process followed a cycle of brainstorming to come up with
a collection of feasible game mechanics, creating a scene in Unity and writing associated scripts to
convey these game mechanics, testing the scene, another brainstorming session to critic the game
mechanics, and a decision to keep the scene, modify, or replace it completely. Most of the game
mechanics went through several iterations before they were finally adopted. About halfway through
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the design process, we sought the opinions of those outside of our team and we incorporated their
feedback into subsequent iterations.
The premise of the game is that there are blocks scattered in a den and the student has the
task of picking up the blocks and putting them in the right bins. Metaphors that fit this premise
and can communicate the concepts are used for the various aspects of the game. The visual setting
is a simple home with a den upstairs with a few pieces of furniture and a staircase. We place the
variables downstairs for aesthetic reasons and to separate them cleanly from the blocks.

5.5

Metaphors

The following paragraphs explain the metaphors that are used.

5.5.1

Denoting a variable

Considering that when a variable is declared at the start of a program the computer associates a
memory slot to it for holding the different values of that variable through the changing states of the
program, we chose the metaphor of a bin to hold the blocks. The variable or the bin has a label on
it and provision for the player to see the value of the variable as it changes according to the different
states during the course of a program execution.
A silhouette of the bin initially conceals the value of the variable. When a value is assigned to
the variable, the silhouette moves aside so that the student can see the value change. At the end of
the activity, the silhouette returns to its original spot. The idea here is that the internal processes
of the computer are not exactly visible to the user, but in the game we give the user momentary
access and then restore it to where it would be in an actual scenario.

5.5.2

Denoting the value of a variable

A stack of blocks which has a number label at the top is used to represent the value of a variable.
Considering that assigning a group of six blocks at once is different from assigning one block at a
time six times, a stack of blocks that are attached together is used as opposed to single individual
blocks. The blocks went through several iterations which changed their color, labels, texture and
the contrast with the background of the game to what it is now.
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Denoting an assignment

The choice of a left arrow as opposed to an equals sign is intended to emphasize the fact that an
assignment is clearly different from the relational operator ”equals to” that students see routinely
in their mathematics classes.

5.5.4

Denoting Boolean constants

We use a lighted bulb labelled true to represent the true Boolean constant and an unlighted bulb
labelled false to denote the false Boolean constant.

5.5.5

A mobile robot as the player

A mobile robot is used as the player to create a connection between the abstract and the concrete.
In essence this robot would act out the abstract content of the code or the assignment statement.
The idea is that by so doing, the robot will help demystify the concepts by making them concrete
through interaction. This interaction also helps the student to visualize what is happening during
the execution of a particular assignment statement. The robot has several animations to facilitate
the execution of its functions and to help engage the students.

5.5.6

A static robot to provide instructions

A static flapping robot is used to deliver the instructions to the students via a speech bubble. In
the tutorial levels, it provides step by step instructions on how to navigate each specific level. Once
the student completes the first instruction and clicks done, the next instruction appears in the green
speech bubble.

5.5.7

A robot screen for computation

A robot screen is included which acts as a ”register” to give the students a glimpse of how the robot
processed the information. In this regard, the robot, the screen, the visible variable value at the
bottom of the variable intermittently act as various internal elements during different states of the
execution of the code. The idea here is that if students can see some of the processes that happen
internally, it will help boost understanding of the concepts and clarify some misconceptions.

5.6

General Game Mechanics

The following sections discuss general game mechanics that are applicable to all levels:
47

Olivia Mambo Nche

5.6.1

Dissertation

Feedback - Rewards

The students earn 100 points when they successfully complete an assignment activity correctly.
They earn an extra 50 points for completing the activity within a stipulated time frame. In other
words, if the student had 25 seconds to complete the activity, the clock would start to count down
from 25 as soon as the student arrives at that level. The student earns 50 more bonus points if the
activity is completed before the timer hits 0. The student receives no points if the activity was done
incorrectly.
In addition to earning points when the student performs an activity correctly, that student
also receives a visual fanfare that looks like colored confetti which pops up on the screen and moves
upwards. We use particle effects to create this ”good job fanfare.” The words good job also appeared
in green on the screen.
Sound is also used to provide feedback. We have one sound which plays automatically when the
student is correct and a different sound for when the student is wrong.

5.7

Game Mechanics for Basic Elements

The following discussion elaborates on the choice of game mechanics for basic elements.

5.7.1

Integer Single Assignments

This concept is covered in level 1 and corresponds to the concept listed on Table 2.a.i. The sample
single assignment is denoted as x ← 6 to imply that the integer variable x is assigned the value 6.
Within the game (Figure 17), the student moves the player using the left and right arrow keys to
a stack of blocks which has the number six on it. Then by pressing the space bar, the robot picks
up the block and places it on the screen at which point the player clicks on the variable x to move
the block from the screen into the bin x. Once the stack of blocks has been placed into the bin, the
visible variable value at the bottom of the variable will change to 6. Putting the block into a bin
is an activity that depicts assigning a value to a variable and the visible component of the value is
included to allow the student to see that variable values can change through different states of a
program.

5.7.2

Boolean Single Assignments

Boolean single assignment is listed on Table 2.a.i. and is covered in level 9 of the game. Within the
game, it is denoted as b1 ← true to imply that the Boolean variable b1 is assigned the constant true
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Figure 17: Integer Single Assignment

(Figure 18). In this case, the student moves the player to a lighted bulb which has the word true on
it. Then by pressing the space bar, the robot picks up the bulb and places it on the screen. Then the
player clicks on the variable b1 to complete the assignment. When this happens, the visible value
of the variable at the bottom of the variable also changes to true and the whole bin lights up. This
is a visual representation which attempts to highlight the two Boolean constants. Conversely, if b1
was assigned false, the bin b1 will not light up although the visible variable value would change to
false. If b1 was already lit up to indicate that its value was true then on assigning false to it, the
bin would become dark - essentially it will return to its unlighted state.

5.7.3

Variable types

The notion of the type of a variable is introduced on this level. With the integer assignments, the
student was given only blocks (integer constants) for interaction. At this point though, the student is
provided both Boolean and integer constants and is allowed to make any assignment of their choice.
However, constraints and corresponding feedback are put in place such that if the student tried to
assign an integer constant to a Boolean variable or vise versa, they would receive three forms of
negative feedback: 1) Two bright red pop ups saying a) impossible and b) type error 2) the sound
which corresponds to ”wrong action.”
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Figure 18: Boolean Single Assignment

5.7.4

Arithmetic Operators

This concept is covered in level 2 of the game and corresponds to the concept listed on Table 2.a.ii.
A sample assignment with an arithmetic operator is denoted as y ← 3 + 2 to imply that the integer
variable y is assigned the value 3 + 2. Just like with the other levels, the student moves the player to
a stack of blocks which has the number three on it, picks it up and places it on the screen (Figure 19).
Then they click a display operator’s button which gives them access to select the desired operator.
A selected operator is displayed on the screen beside the three. Then the student now leads the
player to pick up the stack of two blocks and moves to it the screen besides the operator. The
student can then click on the variable y to complete the assignment. Upon clicking y, the operands
and the operator are replaced by a stack of five blocks momentarily before being moved into the y
bin. This setup seeks to provide a visual representation of how the computer handles operators so
as to reinforce the concept of arithmetic operators. Once the assignment is completed, the visible
variable value at the bottom of the variable then changes to 5.

5.7.5

Boolean Operators

This concept, which is referred to in Table 2.a.ii. is covered in level 11. A sample assignment with a
Boolean operator is denoted as b2 ← b1 and true to imply that the Boolean variable b2 is assigned
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Figure 19: Arithmetic Operators

the value of b1 and true (Figure 20). This time, the student is expected to move the Hbot to scan
and make a copy of the value of b1, pick it up and place it on the screen. Then they select the
desired operator and then lead the Hbot to pick up the lighted bulb. Just like in the case of integer
operators, the operands and operators are displayed on the screen and the assignment is complete
when the student clicks b2.

5.7.6

Relational Operators

This concept is covered in level 9 and corresponds to item Table 2.a.v. A sample assignment with a
relational operator is denoted as b3 ← x ¿ 2 to imply that the Boolean variable b3 is assigned the
value of the expression on the right of the arrow (Figure 21). The student moves the player to scan
and make a copy of the value of x, picks it up and place it on the screen. Then they would select
the necessary operator and then pick up the stack of two blocks before completing the assignment.

5.8

Game Mechanics for Assignment Compositions

This section summarizes game mechanics for more intricate assignments and assignment sequences.
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Figure 20: Boolean Operators

Figure 21: Relational Operators
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Figure 22: Sequence of Integer Assignments

5.8.1

Sequence of Assignments

Integer assignments are covered in level 3 and are referenced in Table 3.a.i. while Boolean assignments are covered in level 10 and are referenced in Table 3.a.ii. In the game, integer assignments
are depicted as two integer single assignments (Figure 22) while Boolean assignments were denoted
as two Boolean single assignments (Figure 23).
The discussion on sequence of assignments embodies two critical concepts - overwrite and order.
Creating a visible component of the value of a variable so that the student can see how it changes
was implemented to cater for the former. With regards to the latter, the game mechanics enforce
constraints such that the player has to complete the first assignment before the second one in order
to earn the points for this level. The assignment process for each statement is described in the
integer and Boolean single assignment sections.

5.8.2

Variable to Variable Assignment

Integer variable to variable assignment is covered in level 4 and corresponds to the concept listed in
Table 2.b. A sample integer variable to variable assignment is denoted as x ← y to imply that the
integer variable x is assigned to a copy of the value of y (Figure 24). The game mechanics for this
level went through several iterations and improvements as well. Using light effects to symbolize the
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Figure 23: Sequence of Boolean Assignments

scanning of the value of a variable for the purpose of making a copy seemed like a feasible option
and was adopted. This was done to emphasize the fact that it is not the entire variable on the right
side of the arrow that is assigned to the variable on the left of the arrow but rather a copy of its
value.
Initially, the value of the variable that is displayed at the bottom of the variable was seen once
you arrived at that level. In this scenario, nothing stops the player from picking up from the floor of
the den a random block which corresponds to the value of the variable (in the code) and assigning
it to the variable. So to further emphasize that what is being assigned is a copy of the value of the
variable, we used a silhouette to conceal this value and let it be revealed only when the variable was
scanned. Later on, the idea of a visible copy of the variable was introduced and adopted. Thus the
student moves the player to the scan button near the variable y and clicks on this button to initiate
the scan effect. A few seconds after scanning, the copy of the variable y which had been created by
scanning pops up inside the variable where the player can see it. Particle effects are used to create
a glow around the variable’s value (stack of blocks) to distinguish it as a copy.
This stack of blocks is picked up and moved to the screen and then the student clicks on the
variable x to complete the assignment.
Boolean variable to variable assignment is covered in level 10 and is listed in Table 2.b. A sample
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Figure 24: Integer Variable to Variable

Boolean variable to variable assignment is denoted as b1 ← b2 to imply that the Boolean variable
b1 is assigned to a copy of the value of b2 (Figure 25). The game mechanics for this level are similar
to that of integer variable to variable assignment except that Boolean variables and constants are
used.

5.8.3

Variable to Variable Assignment with a Constant

This concept is covered in level 5 and is listed in Table 2.a.iii. while its Boolean counterpart is
covered in level 11 and listed in Table 2.a.iii. An example of the integer version is denoted as num
← y + 2 to imply that the integer variable num is assigned a copy of the value of y plus two (Figure
26). The Boolean example is b2 ← b1 and false to imply that the Boolean variable b2 is assigned
a copy of the value of b1 and false (Figure 27). The game mechanics for these levels are similar to
those of integer/Boolean variable to variable assignments with the exception that a corresponding
constant is included.

5.8.4

Integer Self-referential Assignments

This concept is covered in level 6 of the game and listed in Table 2.a.iv. An example of such an
assignment is denoted as y ← y * 1 to imply that the integer variable y is assigned a copy of the
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Figure 25: Boolean Variable to Variable

Figure 26: Integer Variable to Variable with a Constant
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Figure 27: Boolean Variable to Variable with a Constant

original value of y multiplied by one (Figure 28). The game mechanics for this level are similar to
that of integer variable to variable assignment with the exception that two is added to a copy of the
value of y before assigning to num.

5.8.5

Boolean Self-referential Assignments

This concept is covered in level 12 and listed in Table 2.a.iv. An example of such an assignment is
denoted as as b3 ← b3 or true to imply that the Boolean variable b3 is assigned a copy of the itself
or true (Figure 29). The game mechanics for this level are similar to that of Boolean variable to
variable assignment with the addition of a Boolean operator and constant.

5.9

Conditional Statements

These concepts are covered in levels 13 to 18. Activities involving if-then statements precede those
with if-else.

5.9.1

If...then Statement

The if-then concept is handled in levels 13, 14, and 15 with both Boolean and integer variables. It
corresponds to Table 4 2.a and 2.b. Within the game, a conditional statement, such as if (b2 is=
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Figure 28: Boolean Variable to Variable with a Constant

Figure 29: Boolean Self-referential Assignments
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Figure 30: if-then Statement

true) followed by a single assignment statement is used to represent this concept (Figure ??).
The game mechanics requires a student to evaluate the condition before making a decision about
the next assignment based on the results of the evaluation. The student is provided with a ”no
action” button as an option in the case where the conditional statement does not evaluate to true.
Essentially, the student leads the player to scan b2 to see if the condition is true or false. If it is
true then the student completes the assignment statement that follows the condition otherwise the
student clicks the no action button to earn the points.
Considering the age of the target group for this study, it is important to make choices that
would not confuse them instead and hence end up being counterproductive. One such choice was
the decision to use is= in the condition, for example: if(b2 is= true). This helps to paint a clearer
picture that the condition means that if b2 is equal to true then do something. Other prior options
included if(b2 == false), if(b3 = true). The former was rejected because it had the potential to
confuse students with the assignment statement in many programming languages, while the later
was rejected because it might misguide the students to think that variables used in conditional
statements could be written like that.
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Figure 31: if-else Statement

5.9.2

If...else Statement

The if-else concept is handled in levels 16, 17, and 18 with both Boolean and integer variables. It
corresponds to Table 4.1.a and 1.b. The game mechanics for these levels mimic those of if-then
statement, with the exception that after the assignment statement, there is an ”else” statement
followed by another assignment and the ”No Action” button is absent. As such, the student has the
option to complete the first assignment or the second one based on their evaluation of the condition
(Figure 31).

5.10

Game Design Summary

In this chapter, we have explored various metaphors and game mechanics which have the potential
to make the abstract content associated with the concepts concrete within the game. The aim is to
attempt to foster student understanding of the concepts by connecting them to elements that they
can relate to and interact with. We use similar game mechanics similar concepts, and use suitable
ones for different variable types. After much research, we have converged on the HBot design used
in this dissertation.
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Experiments to Assess the Learning Benefits of ConceptIntegrated Game Mechanics

The experiments address the central research questions and add to our existing body of research by
studying in more detail how best to communicate basic programming concepts to K-12 students.
The research questions are reproduced below for reference:
• What are the performance patterns that students exhibit with the following fundamental programming concepts: assignments, sequence, operators, and conditionals? How do students
reason about the concepts on which they do not perform as well?
The experiments in this section add to our knowledge from earlier studies for the first question
above. More importantly, the experimental design will help us answer the second research question
which is as follows:
• For what specific basic programming concepts and to what extent do concept-integrated game
mechanics help improve student understanding?
This chapter describes experiments which involve the old game (CodeTracesure), interactive
questions, and the new game (Hbot). The first two were used in the two control groups while the
latter was used in the treatment group.

6.1

Target Sample

Ultimately, this study will target all K-12 students, but for this dissertation, the experiments were
conducted in three middle schools in the state of South Carolina. Hbot can be used by English
speaking students anywhere in the world since we deployed it on the web. A number of teachers
who participated in the CRōoCS project in the summer of 2020 had indicated an interest in having
their students play Hbot as part of their enrichment activities. A subset of these teachers were
subsequently contacted, and after all necessary permissions were obtained, the experiment was
deployed with their students. There were three participating schools. In School One, students from
the eighth grade participated in the study while sixth, seventh and eighth grade students participated
from School Two, and sixth grade students from School Three.
There were 77 eighth grade participants in the study from School One. None of these students
had any programming background. However, a few isolated students had explored Scratch a little
bit on their own. In School Two, there were a total of 15 participants from the sixth grade, 14 from
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the seventh grade, and 14 from the eight grade. All students had explored Scratch, but without
any specific instructions, by the time the experiment was conducted. The sixth and seventh grade
students had no other programming background. The eight grade students already had one year of
programming instructions with Scratch, CS Discoveries from Code.org, [34]and some ECS materials
[25]. In School three, five sixth grade students were available to participate in the study. None of
them had any programming background except for some personal Scratch exploration initiatives.
Once we identified the participants at each school, we randomly split students into two groups—
the control group and the treatment group.

6.2

Method

In order to answer the second research question concerning the benefits of game mechanics, we used
a between subject experiment design with the two groups (a control group and a treatment group).
For all the schools, we started each group with a pre-test which allowed us to test their knowledge
of basic programming concepts. After taking the pre-test, the students played the various games.
The think-aloud sessions were conducted with randomly selected students as they played the game.
At the end of the playing session, all students in both groups took the post-test.

6.2.1

Elements of the Test

The test questions were patterned after the examples shown in the taxonomy Tables 1—4. The
complete test is included in Appendix A. Each concept had at least two questions on the test. Some
concepts, such as assignments had four questions due to varying question options. A table showing
the number of questions for each fine-grain concept is given below (Table 7).
Table 7: Number of Questions for Each Fine-Grain Concept
Concept
Integer Assignment
Arithmetic Operators
Integer Sequence
Integer Var to Var with a Constant
Integer Self-referential
Boolean Assignment
Boolean Operators
Boolean Sequence
Boolean Var to Var with a Constant
if...then
if...else
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2
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3
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Figure 32: Sample Assignment Question

Figure 33: Sample Boolean Operator Question

The test was a multiple choice test and the answer choices were carefully selected to include
possible misconceptions. For example, in the question below (Figure 32), the correct answer is 6.
However, we included 5 as an answer choice because it is possible for students to make that error.
Similarly, the sum of and the difference between 5 and 6 are all possible errors as well.
In another example (Figure 33), although true is the answer, false is a likely answer choice for
students. In particular if a student really does not understand Boolean operators, they are more
likely to go with either answer or in an extreme case, could choose 2 because of b2.
We also asked students questions intended to gauge their confidence and self appraisal with
respect to concept understanding. Some examples can be seen in Figure 34. There were a total of
eight such questions. The post-test also had a few questions about the game.

6.2.2

Control Group

For logistical reasons, the placebo used by this group differed in each school. A detailed description
of each one is found under the experiment details for each school. Figure 35 describes this group’s
experimental design. Any significant improvement from pre-test to post-test in this group would
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Figure 34: Generalized Questions

Figure 35: Control Group Design

suggest the benefit of practice, for example.

6.2.3

Treatment Group

Figure 36 describes the experiment design for this group. This set up enables us to identify the
specific concepts for which the students show improvement from pre-test to post-test, allowing us to
ascertain if the new game had an impact on their understanding, and if yes, how much. This process
helps us to answer what specific basic programming concepts do concept-integrated game mechanics
help improve student understanding. The fine-grained taxonomy facilitates the identification of
specific concepts which the students seem to grasp by playing the game.
The extent to which students show improvement from pre-test to post-test can also help to
determine the extent to which concept-integrated game mechanics can help student understanding.
So, this experimental setup will also provide answers to the second part of the research question. The
subset of students from this group who participated in the task-based think-aloud sessions walked
us through their reasoning about concepts in view of the game mechanics. In essence, we asked
questions that will help us determine the extent to which game mechanics impacted any concept
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Figure 36: Treatment Group Design

learning.
With the treatment group, we are assuming that improvement on the post-test and any demonstration of understanding of concepts came from learning which occurred as they played Hbot. To
check that the benefits came from the concept-integrated mechanics of Hbot, we introduce a control
group which uses CodeTracesure whose game mechanics do not incorporate concepts and where the
game serves merely as an interactive question activity.

6.3
6.3.1

Experiment Details
School One

The students in School Two were also divided into two groups. The slight difference here was that
control group used an interactive set of questions while the treatment group played Hbot. These
questions are the exact same questions that are found in Codetracesure, which the control group
students of School Two used. We encountered an unforeseen situation at School Two, so we had
to improvise under tight time constraints. The build for Codetracesure was designated to work on
Windows computers which is what School Two used previously, but they switched their students
to Chromebooks and the build would not work on chrome books. Even a WebGl (a cross-browser
graphics platform) build which normally works with all browsers did not work on Chrome books.
That was a confounding factor that we had to deal with on the day of the experiment. So we moved
the study for the control group to start one day later.
An Interactive Questions’ option was created using PowerPoint slides. When a student clicked
on an answer choice, they received feedback indicating whether the choice was right or wrong. This
feedback mechanism still failed to work as expected with Chrome books, so we switched to Google
Forms and this option was successful. The main focus with this placebo was to ensure that it was
interactive in nature such that the students could get feedback to know whether their answer choices
were right or wrong. This was to assure that some learning happened as well.
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The entire study with School Two students was done virtually via Zoom due to the pandemic.
This class met online only and so we used a main Zoom link which was the class Zoom link. At the
start of the class, the teacher introduced the project and we provided details about how the study
would run. Then the two students who were randomly selected by the teacher left this main Zoom
link to each join a different Zoom link. Each of these Zoom links was assigned an interviewer who
led the think-aloud sessions.
6.3.2

Think-aloud Sessions

There were two Zoom links designated for these sessions and two students were interviewed; one on
each link. These interviews were recorded in order to be transcribed later for data analysis. The
think-aloud sessions lasted three days.
6.3.3

School Two

The experiment was conducted over a period of three days. Prior to the experiment, the students
took the pre-test via SurveyMonkey [1]. Although these students were on rotation between virtual
and face-to-face instruction delivery mode, the latter was chosen for convenience.
Each class was randomly divided into two groups. Following an alphabetical order of the class
list, the first student in the class list was sent to the treatment group and the second to the control
group and so on. Students in the control group used CodeTracesure, while Students in the treatment
group used Hbot. The computers in the classroom had all been set up with the various games and
as the students came in, they were directed to their respective computers. Most of the students
got through to level eight by the end of the first day. On the second day, most of the students got
through level 13 and then completed the rest of the game on the third day. They also took the
post-test on the third day.
6.3.4

Think-aloud Sessions

Two students were randomly selected from each class, one from the control group and the other from
the treatment group to participate in the think-aloud sessions. During these sessions, which were
recorded, students were encouraged to communicate their thought processes as they navigated the
game. They were asked to explain what they understood about each of the assignment statements
before they played the game and were asked a similar question again after they completed each
level. As students played each level, they were encouraged to communicate their thoughts about
any aspect of the game or the concepts. In particular, each time a student exclaimed, muttered, or
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showed excitement, they were encouraged to talk about what prompted that reaction. Students who
participated in the think-alouds also used three days to complete the game and take the post-test.
These think-alouds happened while the students played the game because we wanted to capture the
students’ initial reactions to the game—what they liked, what they found difficult or easy, or where
they stumbled or breezed through smoothly. We felt that this valuable data might be lost if the
think-alouds were conducted at the end of the study.
6.3.5

School Three

At this school, we experienced the greatest impact of the pandemic and hence several confounding
factors. This school required their students to have the permission slips signed and returned to
the teacher before they could participate in the study. Five students in total met this criteria. We
decided to let them just play Hbot and have two of them participate in the think-aloud sessions.
Due to several factors including time constraints, we were not able to complete the study at this
school. However, we had one successful think-aloud which provided us with some insights.

6.4

Data Collection and Analysis

Two types of data were collected—Quantitative and Qualitative. The former was collected from the
pre-test and post-tests and the latter was collected through think aloud sessions. The quantitative
data served to identify the specific concepts that concept-integrated game mechanics seemed to
help with student understanding while the qualitative data was used to analyse the extent to which
concept-integrated game mechanics helped student understanding. Essentially, vocabulary captured
during the verbal discussions in the think aloud sessions was analyzed for clues to help us determine
if the student experienced any of the following:
• X—game mechanics had no effect on student learning of a concept
• Check-minus—game mechanics had some effect student learning of a concept
• Check—game mechanics had an effect on student learning
• Check-plus—game mechanics had a considerable effect on student learning
We used the first level coding methods as described by Saldaña [49], which are mostly affective
methods (emotion coding, values coding, versus coding) and descriptive coding to code the thinkaloud data. Once the coding was done using Dedoose [2] software that aids in the analysis of
qualitative data), we then looked for patterns that ensue from the coded data. Vocabulary during
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think-alouds indicated if a student understood a concept well or not even after playing the game.
Analysis of the quantitative data informed us about how the students performed on each specific
concept. Analysis of affective questions enabled us to assess how confident the students were before
and after the study.
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—————————————————————————————————

7

Analysis and Results

This chapter contains a summary of quantitative and qualitative analysis done to help us answer
the central research questions, based on the data collected from the experiments. The analysis
confirms the findings for the first research question on performance patterns that was considered in
the previous studies:
What are the performance patterns that students exhibit with the following fundamental programming concepts: assignments, sequence, operators, and conditionals? How do students reason
about the concepts on which they do not perform as well?
More importantly, the analysis helps answer the second research question, which is the focus of
this chapter:
For what specific basic programming concepts and to what extent do concept-integrated game
mechanics help improve student understanding?
Table 1—Table 4 serve as references regarding the discussion of the second question.

7.1

Game Mechanics: Quantitative Data Analysis

The quantitative data analysis presented in this section aims to identify the specific concepts for
which concept-integrated game mechanics seem to help student performance. Student performance
is teased out from several fronts as discussed below. To compare the performance of students in each
group (control and treatment), we calculated the pre-test and post-test score means for students at
each school. In each case, a one sample paired t-test was conducted to compare student performance
in the pre-test and post-test for participants in each group to evaluate statistical significance.
Overall Performance—This is the cumulative analysis of student performance on all concepts
covered in this study, as seen in Table 1.
Fine-Grain Performance—A further detailed analysis is done on the data to decompose the results
into categories according to individual concepts. Student scores on each concept are isolated in the
calculations by focusing on subsets of questions on the tests.
Aggregate Module Performance—We further aggregate the data from the micro-level analysis into
three categories, according to the three modules of the game: Integer concepts, Boolean concepts
and Conditionals. In essence, the scores for questions on all concepts in each of these modules are
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Figure 37: Per Student Pre-test and Post-test Cumulative Scores. N(IQ) = 10 N(Hbot) = 29

combined for both the control and the treatment groups. The aim of this was to compare student
performance on the different modules.
This was done to observe the impact of the game mechanics on the different modules as the
students traversed the levels. Integer assignments seem easy and straightforward due to prior exposure in math and so it would be surprising to see a drastic improvement here. Further more, the
game mechanics in the integer module are repeated in the Boolean module with Boolean variables
and all of these are combined in the module with conditionals. Hence, examining the data from the
perspective of the modules gives us insight into the progressive effect of the game mechanics.

7.1.1

School One

At School One, the participating students were eighth graders. Ten participants used the control
tool and twenty-nine used Hbot.

7.1.1.1

Overall Performance:

For the students who received interactive questions, there was

no significant difference in performance from pre-test (M=11.5, SD=4.3) to post-test (M=13.1,
SD=4.6); t(9)=1.0, p = 0.175. These results suggest that feedback from interactive questions alone
was not helpful as seen in Figure 37.
For students who used Hbot, there was a significant difference in student performance from pretest (M=12.9, SD=3.8) to post-test (M=16.7, SD=6.0); t(28)=4.8, p = 0.000. Hbot seems to have
helped student performance as seen in Figure 37.

7.1.1.2

Fine-Grain Performance :

A detailed analysis of the data reveals student performance changes on the various concepts for
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each tool. Table 8 shows mean student scores on each concept for students who used the interactive
questions, while Table 9 shows mean scores on each concept for students who played Hbot. Figure
38 shows a comparison of the mean pre-test and post-test score differences for each concept in both
groups.
Table 10 shows the concepts for which students who used Hbot showed improvement. This table
and Figure 38 suggest that students who used Hbot showed significant improvement from pre-test
to post-test on six fine-grain concepts—Integer variable to variable assignment with a constant,
Boolean assignments, Boolean operators, Boolean variable to variable assignment with a constant,
if..then, and if...else. But there was no significant improvement for students in the control group for
any concept.
Table 8: School One Fine-Grain Performance Change—Interactive Questions
Concept
Integer Assignment
Arithmetic Operators
Integer Sequence
Integer Var to Var with a Constant
Integer Self-referential
Boolean Assignment
Boolean Operators
Boolean Sequence
Boolean Var to Var with a Constant
if...then
if...else

Pre-test
2.0
1.8
0.3
1.4
1.6
0.9
0.9
0.3
0.8
0.4
0.8

Post-test
3.0
1.6
0.3
1.3
1.6
1.1
0.6
0.2
0.6
0.9
1.2

No. of Questions
4
2
2
2
2
4
3
2
3
4
4

Table 9: School One Fine-Grain Performance Change—Hbot
Concept
Integer Assignment
Arithmetic Operators
Integer Sequence
Integer Var to Var with a Constant
Integer Self-referential
Boolean Assignment
Boolean Operators
Boolean Sequence
Boolean Var to Var with a Constant
if...then
if...else

Pre-test
2.8
1.7
0.3
1.2
1.2
2.1
0.7
0.2
0.7
0.4
0.7
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Post-test
3.2
1.7
0.6
1.5
1.2
3.3
1.0
0.5
1.1
1.4
1.7

No. of Questions
4
2
2
2
2
4
3
2
3
4
4
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Table 10: Concepts with Performance Improvement for Hbot at School One
Concept
Integer Sequence
Integer Var to Var with a Constant
Boolean Assignment
Boolean Operators
Boolean Sequence
Boolean Var to Var with a Constant
if...then
if...else

M (Pre)
0.3
1.2
2.1
0.7
0.2
0.7
0.5
0.7

M (Post)
0.6
1.5
3.3
1.1
0.5
1.1
1.4
1.7

SD (Pre)
0.6
0.9
1.8
0.6
0.6
0.7
0.6
0.6

SD (Post)
0.9
0.7
1.1
0.8
0.8
0.8
1.1
1.3

t(28)
1.5
2.4
4.5
1.7
1.4
2.7
4.0
4.1

Figure 38: Comparison of Mean Pre-test and Post-test Scores for Each Concept—Green Highlights
Indicate Concepts with Statistically Significant Improvement
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0.011
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Proximity to Perfect Scores :

To further understand the impact of the game mechanics on student performance or the lack
thereof we examined the closeness of students’ score to the perfect score. In particular, we wanted
to investigate if the intervention of the game mechanics helped to pull up scores closer to the perfect
score at post-test. We therefore computed the pre-test and the post-test mean scores as a percentage
of the total score for each concept. Then for each tool, we calculated the differences between these
percentages for each concept. Next we plotted a graph of the differences for the control group against
the treatment group. Figure 39 shows that Hbot has brought student scores closer to perfection
for all concepts except integer assignments. The inference is that game mechanics seem to impact
student performance positively.
Integer assignment is one of the concepts that has a high pre-test score indicating that it is
amongst the easy ones. It is also the first time that students encounter the game mechanics in Hbot.
Therefore the fact that Hbot is not doing so well in pulling students’ scores close to the perfect score
in this concept could be attributed to students still trying to learn the game mechanics at this level.
Hbot seems to do better in all the levels after this, suggesting that the students seem to understand
the game mechanics better as they progress, which also helps their performance. This observation is
confirmed in the think-aloud interviews, where we noticed that as students became more comfortable
with game mechanics, they exhibit some understanding of concepts at later levels, even before they
have played them. Students apparently inferred from the game mechanics of previous levels to
attempt an explanation of a new level concept prior to playing it. This confirms that understanding
of concepts is progressive as the students get better with the game mechanics (Table 17.

7.1.1.4

Aggregate Module Performance: Figure 40 shows a comparison of student perfor-

mance for the three modules of the game: integer concepts, Boolean concepts and conditionals.
Results indicate that students who played Hbot show improved performance in all modules.
For each module, the results are statistically significant for Hbot. For the integer module, student
performance improved from pre-test (M=1.4, SD=1.2) to post-test (M=1.6, SD=1.2); t(28)=2.4, p
= 0.008. For the Boolean module, performance improved from pre-test (M=0.9, SD=1.3) to posttest (M=1.5, SD=1.4); t(28)=5.2, p = 0.000. For the conditional module, performance improved
from pre-test (M=0.6, SD=0.6) to post-test (M=1.5, SD=1.2); t(28)=6.1, p = 0.000.
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Figure 39: Proximity to Perfect Scores at School One. N(IQ) = 10. N(Hbot) = 29.

Figure 40: Change Between Mean Pre-test and Post-test Scores for Control and Treatment Groups.
N(IQ) = 10. N(Hbot) = 29.
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Figure 41: Per Student Pre-test and Post-test Scores for Eighth Graders. N(CT) = 5. N(Hbot) =
7.

7.1.2

School Two

Although 6th, 7th and 8th grade students at School Two participated in the study, we were only
able to do data analysis for the data collected from the 7th and 8th grade students. On the day of
the post-test, all the students from the control group and only two from the treatment group were
present in the sixth grade class to take the test, As a result, we decided not to use this data since
it was incomplete and the sample size was too small.

7.1.2.1

Eighth Grade Student Performance: Eighth grade students in School Two is one

group of students in the study who came in with one year of programming experience and had already
learned programming concepts. These students showed improvement with both CodeTracesure and
Hbot. Results of the t-test for the students who played CodeTracesure indicate that there was a
significant difference in student performance from pre-test (M=10, SD=3.9) to post-test (M=21.8,
SD=5.0); t(4)=13.7, p = 0.000 . For the students, who played HBot, there was also significance
in student performance from pre-test (M=21.1, SD=4.3) to post-test (M=23.6, SD=3.4); t(6)=2.5,
p = 0.021 (Figure 41)
We note that even though the assignment of students to experimental groups was random, the
pre-test scores for the students who played Hbot were much higher than those of the students
who used CodeTracesure. These scores were so high that there was little room for improvement.
Conversely, the pre-test scores for the CodeTracesure students were not as high and hence the game
provided more opportunity for practice. One student who played CodeTracesure mentioned that he
went home and reviewed his notes from a previous programming class so as to do well on the game
after the first day of the study, suggesting other factors may confound the results.
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Figure 42: Per Student Pre-test and Post-test Scores for Seventh Graders. N(CT). = 7 N(Hbot) =
7.

Since our focus in this research is on students with no prior programming experience, the rest of
the analysis in this dissertation uses only the performance of seventh grade students at School Two.

7.1.2.2

Seventh Grade Student Performance

7.1.2.3

Overall Performance:

:

Results of the t-test for the students who played CodeTracesure

indicate that there was a significant difference in student performance from pre-test (M=12.9,
SD=3.7) to post-test (M=18.1, SD=4.0); t(6)=4.0, p = 0.004 . For the students who played
HBot, there was a significant difference in student performance from pre-test (M=12.1, SD=4.9) to
post-test (M=19.1, SD=4.3); t(6)=4.1, p = 0.003. These results suggest that both CodeTracesure
and Hbot seem to have helped to improve student overall performance.(Figure 42)

7.1.2.4

Fine-Grain Performance:

Table 11 shows mean student scores on each concept for

students who played with CodeTracesure, while Table 12 shows mean student scores on each concept
for those who played with Hbot. Figure 43 shows a comparison of the mean pre-test and post-test
score differences for each concept on both games. Table 13 contains a statistical comparison for
concepts in which student performance was better for CodeTracsure than Hbot, while Table 14
shows the converse.
We see from Table 13 and Figure 43 that student performance on integer sequence was significantly better with CodeTracesure, but improvement for conditional statements was not significant.
The results in Table 14 and Figure 43 indicate that for the students who played Hbot, the improvement from pre-test to post-test was statistically significant for six concepts and not statistically
significant for the others. The six concepts are: arithmetic operators, integer variable to variable assignment with a constant, integer self-referential, Boolean assignments, Boolean operators, Boolean
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Table 11: School Two Fine-Grain Performance Change—CodeTracesure
Concept
Integer Assignment
Arithmetic Operators
Integer Sequence
Integer Var to Var with a Constant
Integer Self-referential
Boolean Assignment
Boolean Operators
Boolean Sequence
Boolean Var to Var with a Constant
if...then
if...else

pre-test
3.1
1.9
0.0
1.6
1.1
3.0
0.4
0.1
0.7
0.9
1.1

Post-test
3.6
2.0
1.3
1.6
1.6
3.9
0.7
1.3
0.6
1.1
1.0

No. of Questions
4
2
2
2
2
4
3
2
3
4
4

Table 12: School Two Fine-Grain Performance Change—Hbot
Concept
Integer Assignment
Arithmetic Operators
Integer Sequence
Integer Var to Var with a Constant
Integer Self-referential
Boolean Assignment
Boolean Operators
Boolean Sequence
Boolean Var to Var with a Constant
if...then
if...else

Pre-test
2.9
1.3
0.3
1.3
1.1
2.1
0.3
0.1
1.1
0.9
1.0

Post-test
4.0
2.0
0.6
1.9
1.9
3.7
1.0
1.4
0.9
1.0
1.7

No. of Questions
4
2
2
2
2
4
3
2
3
4
4

Figure 43: Comparison of Mean Pre-test and Post-test Scores for Each Concept—Green Highlights
Indicate Concepts with Statistically Significant Improvement

77

Olivia Mambo Nche

Dissertation

Table 13: Concepts with Performance Improvement for CodeTracesure at School Two
Concept
Integer Sequence
if...then

M (Pre)
0
0.9

M (Post)
1.3
1.1

SD (Pre)
0
0.9

SD (Post)
1.0
1.1

t(6)
3.5
.7

p
0.001
.261

Table 14: Concepts with Performance Improvement for Hbot at School Two
Concept
Integer Assignment
Arithmetic Operators
Integer Var to Var with a Constant
Integer Self-referential
Boolean Assignment
Boolean Operators
Boolean Sequence
if...else

M (Pre)
2.9
1.3
1.3
1.1
2.1
0.3
0.1
1.0

M (Post)
4.0
2.0
1.9
1.9
3.7
1.0
1.4
1.7

SD (Pre)
1.7
1.9
1.0
1.1
1.8
0.5
0.4
0

SD (Post)
0
0
0.4
0.4
0.8
0
1.0
1.6

t(6)
1.8
2.0
1.9
2.0
2.8
3.9
2.7
1.5

sequence of assignments

7.1.2.5

Proximity to Perfect Scores :

Just as with the former school, we did computations on the data to see if the games pulled
the student’s pre-test scores closer to the perfect score at post-test. Figure 44 shows that Hbot
helped to improve student performance for most concepts. CodeTracesure’s performance stands
out particularly for integer sequence of assignments. The possible reasons could be the following.
In CodeTracesure, the student interacts with a sequence of assignments as a whole unit not as
independent assignments. Whereas in Hbot, the student maybe tempted to think of them as two
series of statements and not as an aggregate because the student has to complete each assignment
statement independently. Also, the assignment statement representation in CodeTracesue is closer
to the questions on the test than what they see in Hbot.

7.1.2.6

Aggregate Module Performance: Figure 45 shows a comparison of student perfor-

mance for the three modules of the game: Integer concepts, Boolean concepts and Conditionals.
Results indicate that students who played Hbot show improved performance for all modules. However, the improvement is statistically significant only for Integer and Boolean modules and not for
conditionals.
For the integer module, student performance improved from pre-test (M=1.4, SD=1.3) to posttest (M=2.1, SD=1.2); t(6)=3.6, p = 0.000 . For the Boolean module, student performance
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Figure 44: Proximity to Perfect Scores. N(CT) = 7. N(Hbot) = 7.

Figure 45: Change Between Mean Pre-test and Post-test Scores for Control and Treatment Groups.
N(CT) = 7. N(Hbot) = 7
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Figure 46: Concept-Specific Mean pre-test Scores As a Percentage of Maximum Scores

improved from pre-test (M=0.9, SD=1.3) to post-test (M=1.8, SD=1.3); t(6)=3.4, p = 0.001. For
the conditional module, the improvement in student performance from pre-test (M=0.9, SD=0.5)
to post-test (M=1.4, SD=1.2); t(6)=1.5, p=0.136 was not significant.

7.2

Performance Patterns

Cumulative student performance patterns are seen in Figure 46, which contains mean pre-test scores
for students at all schools, expressed as a percentage of maximum scores for each concept. The maximum score for each concept can be seen in Table 8 where the sequence of assignments and Boolean
concepts in general (with the exception of Boolean Assignments) recorded the lowest scores, confirming those concepts are difficult for students. Earlier studies did not cover conditional statements
and covered only some Boolean concepts. Whereas elementary school children in earlier studies had
difficulties with arithmetic operators, that was not the case here.

7.2.1

Summary of Quantitative Data Analysis

Figure 47 lists the concepts for which the students who played Hbot performed significantly better
than those who used either the interactive questions or CodeTracesure. The concepts seen with
improvement at School One are among the more difficult ones. One reason for them all to be in
the group for School Two may just have to do with the smaller sample size. We see from the table
that overall, Hbot helped to improve students’ performance significantly for nine out of the eleven
concepts covered in this study. So we conclude that the game mechanics in Hbot have the potential
to impact student performance positively on basic programming concepts.
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Figure 47: Concepts for Which Hbot Performance is Significantly Better at Either School

The two concepts that are missing from this list are integer assignments and integer sequence of
assignments. The pre-test scores of the students from both schools show that the highest scores are
registered with integer assignments and therefore it is reasonable that the improvement with this
concept is not statistically significant for any school as we expected. However, for the concept of
sequence of integer assignments which registered one of the lowest pre-test scores in both schools,
the improvement is not statistically significant for any school for students who played Hbot.
It is possible that the sequence is not quite as obvious to students in Hbot as it is in CodeTracseure
and so the students treat and see the sequence as two individual assignments when using HBot.
Besides the topic of sequence of integer assignments, students in both schools also performed
poorly on the topics of Boolean operators, Boolean variable to variable with a constant assignment,
Boolean sequence, and conditionals in the pre-test. This suggests that these are difficult concepts
for students. These findings further confirm findings from our previous studies, which attempted
to pinpoint potential difficulties that students might encounter as they learn basic concepts. Those
studies also showed that students had difficulties with sequencing of assignments, and all operators.
Figure 48 shows us the results of combined data for all participants for the three modules at both
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Figure 48: Comparison of Performance in Game Modules for all Instruments

schools. Hence we are comparing change in performance for all students who played Hbot to that of
CodeTracesure and the interactive questions. The results here seem to indicate that overall, Hbot
has potential to help student performance even with the seemingly difficult concepts. We also note
that the change in performance for Hbot steadily rises from integers through Boolean concepts to
conditionals. It would seem as though when students first start playing Hbot in the integer module,
they are faced with the challenge of learning both concepts and game mechanics at the same time.
But as they progress through the game levels, they gain mastery of the game mechanics which in
turn helps their understanding of the concepts. As a result, their performance goes up as they
progress through the game modules. This result is promising.

7.2.2

Confounding Factors

The study was carried out during the pandemic when everything that was done was out of the
ordinary. The first constraint that we encountered was that of time. Some schools switched the
lecture mode in classes from online to face-to-face instruction every two weeks so we had to fit the
study into the schools’ already congested schedules. Therefore we had a maximum of three days to
run the study at each school. Maybe if time had not been an issue, the students would have had
more time to play the games which might have helped their performance even more.
The second confounding factor was that School One’s study was conducted entirely via Zoom.
Zoom introduces some uncontrollable factors. An example is that we cannot guarantee that the
students are applying themselves as they would have if they were in a face-to-face setting.
On the other hand, face-to-face instruction introduces another confounding factor. This was the
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case at School Two. The students were in the same room as much as social distancing could permit.
As such, they were free to talk to each other and ask for help from the teacher, rendering it harder
to determine how much impact the game actually had versus external assistance.
Although every attempt was made to randomize the assignment of students to the different
groups, it is still possible that the more prepared and motivated students found themselves in one
group and vice versa. In this case, the results would be severely impacted. This was the case in
School Two where the high performing students seem to have landed in the treatment group and
therefore there was very little room for improvement from pre-test scores that were already quite
high.
Another possible confounding factor in School One is that the number of students in the control
group who had a complete data set is quite small compared to those in the treatment group. Although
this was uncontrollable, it is possible that it had some impact on the results.
Due to the many factors summarized above, we deemed it not meaningful to combine the data
from different schools in our analysis.

7.3

Qualitative Data Analysis

Qualitative data analysis helps us gain a deeper understanding of the extent to which conceptintegrated game mechanics help, i.e., To what extent do concept-integrated game mechanics help
improve student performance? This discussion will take a look at student performance in the thinkaloud sessions and also highlight examples of game mechanics that students find useful.
The transcripts from think-aloud interviews were coded by two people using Dedoose software.
For the first round of coding, two individuals coded a transcript each to come up with a list of
possible codes. Then they exchanged these transcripts with each other for the purpose of a second
round of coding to update their code list. At this point, one coder consolidated the code lists from
both codes to create a concise code list that would be used for subsequent coding. This consolidated
code list was used by each coder to code another transcript each. These transcripts were exchanged
for re-coding by the other coder using the consolidated list to see how harmonized or divergent their
coding was. After this, we noticed that any divergence came mostly from how partial understanding
was interpreted by each coder. After a discussion to close this gap, another round of coding was
done. In the third round, the same transcript was coded independently, after which the inter-rated
reliability was found to be 90 percent. From here onward, one coder completed the coding process
for the team.
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Figure 49: Think-aloud Analysis—Extent of the Impact of Game Mechanics

The code list and a transcript are included in appendix C and D respectively.

7.3.1

Impact of Game Mechanics on Student Performance in Think-aloud Sessions

Table 16 shows us examples of how the codes, their descriptions and code excerpts are used to
analyse think-aloud data. To assess performance, students were typically asked questions related to
the concept covered in a particular level before and after they played that level. If after playing a
level the student is able to explain the concept correctly, he or she is assigned a check plus for this
concept. If the student displays partial understanding, he or she gets a check mark. In cases where
students display some understanding of the concept which is laced with a misconception they get a
check minus. Where there is no understanding at all even after playing the level, we assign an X.
The results of the think-aloud analysis are shown in Figure 49. Green color highlights the concepts
where students received check pluses, indicating an understanding of those concepts. Conversely, red
color showed no understanding even after playing the associated level. When the student displayed
an understanding of the concept, there was a follow up question probing the student about the game
mechanics that helped him or her arrive at that level of understanding. Examples are found in Table
??

7.3.1.1

Explanation of the Notation Check Plus with an Asterisk

Table 17 represents

a case where asterisk notation was used to rate student understanding. Here the student explained
the concept prior to playing the game level associated with that concept (at the ”beginning of a level
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Table 15: Code Example, Explanation, Excerpt and Rating
Code
CU: if..then

PCU: Boolean Operators

MCU: Integer Sequence

NCU: Boolean Operators

Description
Concept Understanding
if...then

Partial Understanding

Misconception or
some understanding

No understanding
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Excerpt
num ←− 30;
score ←− 30;
if (num + 1 > score)
score ←− 10;
00:07:57.780 —> 00:07:59.880
Student 1: Im guessing 30 is
assigned to num and 30 is
assigned to score and if whatever
num was plus 1 is greater than
whatever score is than score would
now be assigned to 10 instead”
b2 ←− b1 or false;
00:38:03.450 —> 00:38:07.560
Student 1: Since its or, it means
like either one could be the answer
i’m guessing. Whatever b1 is, so it
could be either whatever b1 is,
so if b1 was also false it
would just be straight up false.
count ←− 6;
count ←− 5;
00:21:43.440 —> 00:21:57.660
I think either number would be
assigned to that variable, So if you
got five or six both those numbers
can be assigned to that one variable.”
interviewer: So to rephrase you said”
it could be either six or five.
Student 1: yeah, I think, while I
was like doing it, I couldn’t”
really see but um when I was
putting both them in
in the bin I think that number
was like adding up.”
b2 ←− b1 or false
00:05:29.070 —> 00:05:30.000
Student 6 : b2 and b1 is false?
Interviewer: Sorry, could you
say that again.
Student 6 : um that b1 into b2
is false.”

Rating
X+

X

X-

X
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Table 16: Code Example, Explanation, Game Mechanics Excerpt and Rating
Code
CU: Integer Assignment

CU: Integer Variable
to Variable

Description
Concept Understanding

Concept Understanding

Excerpt
Student 7: So basically x arrow facing
means you find the blocks how
many blocks you need which would
be three and you put it into
either Y or X
Interviewer: What about the game helped you?
Student: like the little robot talking
and the top left hand corner
So then Hbot got the blocks for me
and puts it in the box
Interviewer: Did you know this before playing
the game or you learned it from the game?
Student 7: I learnt it from the game
Interviewer: What about the game helped
you learn?
Student 7: The display blocks, the robots,
the equations. It’s gonna change the value
of whatever bin you put it in and
you have to know what that value equals.

Rating

X+

X+

Table 17: Code Example, Explanation, Game Mechanics Excerpt and Rating - Asterisk
Code
CU: Integer Variable to
to Variable with
a constant

Description
Concept Understanding
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Game Mechanics Excerpt
Interviewer: Okay let’s go to level 5.
Before you play, do you understand
what the statement on the top left
hand corner means?
Student 7: So basically it’s gonna take
whatever num has, times it by one
and then you put into the X box.
Interviewer: Awesome... wait are
you telling me this because of what you
learned from the previous level?
Student 7: Yes. So let’s the equation num
the arrow and let’s just do y - 3 so then
first you gotta go over to y do the scan
Y and see how much it has and then you’re
going to put into equation box and then
just gonna go over and -3 because
equation was Y -3 then you gonna put
it into the that Bin and that Bin is
gonna give you the answer

Rating
X+*
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Table 18: Code Example, Explanation, Game Mechanics Excerpt and Rating - Hashtag
Code
CU: Boolean Assignment

Description
Concept Understanding

87

Game Mechanics Excerpt
Interviewer: So do you know what
these types of variables are called?
Student 3: Boolean
Interviewer: Did you know that before?
Student 3: Yes we did a code lesson on it,
but this helped me understand how
the computer reads it and how to
put it in more. It showed me an error
which basically told me I put it
in incorrectly so it’s not at all
stopping it, it’s just saying
hey you messed up try again.
Interviewer: Do you understand the error
though? Think about that.
Student 3: It’s telling me the code
I assigned won’t work and how 2 will
never go into b2 as false or true.
Interviewer: Okay so why is that?
Student 3: I’m pretty sure boolean is
either a true or false statement
Interviewer: Okay so what I’m
trying to get at is before now did you
know that you couldn’t assign 2 to it?
Student 3: No, I thought you
could assign, say, a number and
the number could be like true or false
I cannot put a number
in a true or false statement
Interviewer: How is it so far?
Student 3: It’s actually really
fun and educational because it’s
taught me how the computer reads
the code and what I can’t put in
the code and it shows me visual
representation of how/ what my
code looks like inside the computer.

Rating
X+#
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interview”), using her understanding of game mechanics learned from previously related levels. In
this particular case, the student had played the first four levels and had therefore interacted with the
arithmetic operator level and the integer variable to variable level. Then the student combined game
mechanics from these two levels to explain the workings at level five (integer variable to variable
with a constant). This shows how the game mechanics helps students as they progress from level to
level. Here is another example:
Interviewer: this one is Q arrow X plus three. 74 00:27:29.070 —> 00:27:37.440 Student 1: I
would say that means like you would scan integer X plus 3 would be integer Q.
The interviewer here is asking the student if she understands what Q ←− X plus 3 represents.
This is an example of an integer variable to variable with a constant assignment in which the variable
Q is assigned the value of a copy of x plus 3. This student has already played the previous level of
the game which had to do with integer variable to variable assignment (num ←− y). In that level,
she learned that she had to move Hbot to scan y to make a copy of its value and then assign that
to x. So when she came to a question about integer variable to variable with a constant assignment,
she already knew that she would have to scan x, add 3 to a copy of its value and then assign that
to Q, even before she played this level. Therefore, playing this level has served to strengthen her
understanding of this concept. So we annotate her check plus with an asterisk to indicate that prior
knowledge of game mechanics facilitated concept understanding.

7.3.1.2

Explanation of the Notation Check Plus with a Hashtag

There were some stu-

dents who already had some programming background, before they participated in the study. We
used the hashtag to categorize a concept where the student had some prior understanding about the
concept before the game. We found that even in this case, the game mechanics helped to strengthen
their understanding and clear up misconceptions. Table ?? shows us an example where the student
had some prior knowledge about Booleans but his understanding was laced with a misconception
that was corrected after the student played the game. This student (Student 3 in Figure 49) already
had some programming background prior to the study. For this student, the visual representation
of the code and its execution as the computer does it appear to have a positive impact.

7.3.2

Summary of Qualitative Data Analysis

The results from the think-aloud session seem to indicate that the game mechanics helped most
students’ performance in many of the concepts. The different categories of understanding permit us
to gauge the extent of the effect. We conclude that the game mechanics have potential to impact
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student performance considerably.
Overall, results from qualitative analysis confirm the benefits of game mechanics seen in quantitative analysis.

7.3.2.1

Misconceptions

An observation that stood out from the think-aloud sessions was that

these sessions illuminated various misconceptions. These were typically identified when the students
first started playing the level associated with concepts which embed these misconceptions. For the
most part, these misconceptions were cleared up by the time the students were done playing that
level but not in all cases. The first misconception was that many students thought that the values of
a sequence of assignments add up to give you the final value to be assigned. Another misconception
was that they thought that Boolean variables could take integer values. Finally, when it came
to conditionals, students thought that the condition was also to be treated as an assignment. So
instead of evaluating it to determine which action to take, many students treated it as an assignment
and then tried to complete it as thus. These misconceptions are consistent with findings from our
previous studies and in that respect, this study is confirming the previous findings.

7.3.3

Confounding Factors

A possible confounding factor here is that participants in think-alouds could have possibly been
the high performing students in the class even though they were randomly selected. As such their
performance stands higher than the rest of the class.

7.4

Affective Data Analysis

We attempted an assessment of the impact of all the study instruments on student self-confidence.
We counted the number of students who felt confident (i.e., they checked agree or strongly agree)
about their understanding of each concept in the pre-test and in the post-test.

7.4.1

School One

Figure 50 shows the summary for the control group and Figure 51 shows the summary for the
treatment group. These results indicate that the number of students who felt confident about their
understanding of the concepts increased for the control group for two concepts, whereas, the number
of participants who felt confident increased in all concepts the treatment group. In particular, we
note that twice as many students feel more confident on at least three of the concepts for Hbot
participants.
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Figure 50: Before and After Confidence in Understanding of Concepts (IQ)

Figure 51: Before and After Confidence in Understanding of Concepts (Hbot—GT)
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Figure 52: Before and After Confidence in Understanding of Concepts (CT–EM)

7.4.2

School Two

Figure 52 shows the summary for the control group and Figure 53 shows the summary for the
treatment group. Here the number of students who felt confident about their understanding of the
concepts rose for both groups.

7.4.3

Discussion

Overall the students who played both Hbot and CodeTracesure show improved confidence levels to
different extents on most concepts than the students who used the set of interactive questions. The
confidence of more students improved on their overall understanding of code when using Hbot at
School Two. Because both CodeTracesure and Hbot are helping to boost student confidence, albeit
to different extents, we conclude that game mechanics in Hbot may not be the reason why student
confidence seem to increase. Instead, this maybe an indication that learning with a fun instrument
like a video game, which promotes student engagement and interplay maybe more beneficial than
just practicing, such as using interactive questions.

7.5

Student Feedback about the games

In order to get student feedback about the games, we asked for student comments on the post-test.
A complete set of the comments and feedback can be found in Appendix B. In their responses, many
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Figure 53: Before and After Confidence in Understanding of Concepts (Hbot–EM)

students said they liked the game Hbot and thought that it helped them learn coding concepts.
They also indicated that they liked the look of the robot, his moonwalk, the fact that you could
interact with with him, and also that he can pick up the blocks. Other students said that they found
the visual representation and scanning effect useful in the learning process. For CodeTracesure, the
students said they liked the fact that they could run around in the maze and be chased by an enemy
as they tried to answer the questions. This observation suggests including more gaming ideas in
HBot as a future direction.
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Conclusions and Future Directions

The overarching goal of this work is to introduce concepts for basic programming, which is a pivotal
aspect of computing, to K-12 students. Fundamentally, it investigates innovative, fun and engaging
ways to accomplish this goal while attempting to understand the impact of concept-integrated game
mechanics on student performance. To this end, we designed Hbot, a video game whose game
mechanics at all levels incorporate basic programming concepts, using metaphors with potential to
help students.
The context for this research is one of broadening participation. This research has been conducted
in conjunction with two projects—Boeing summer coding camps and the NSF Culturally Responsive Computer Science (CRōCS) Project—both of which targeted underrepresented populations in
computing education focusing particularly on programming.

8.1

Summary of Preparatory Studies

During this research, we have made several efforts to investigate fun and engaging ways of introducing
programming to K-12 students and to understand the potential difficulties that students face with
these concepts.
In an initial effort, a Scribbler 2 Robot (S2) was explored as a means of introducing students
to basic programming concepts and for honing core engineering skills in the process. The effort
involved two outreach activities in which students learnt how to program an S2 robot to create a
desired artifact. Drawing with Robot activities confirmed that robots are fun and engaging tools
that can aid students with learning difficult concepts like programming, motivating the video game
design efforts in this dissertation.
Another effort involved three Boeing-sponsored summer coding camps for elementary school
children from the coastal area of SC. These camps were conducted during the summers of 2017,
2018, and 2019 and the students were introduced to fundamental coding concepts using multiple
representations. We used a custom designed video game, CodeTracesure, to engage the students. The
game incorporated basic multiple-choice programming questions. Analysis of student performance
on the questions delivered through the video game together with think aloud sessions helped us tease
out the difficulties that these students faced with learning the concepts.
In May of 2019, we ran a pilot study of CodeTracesure with the students from some schools
in South Carolina, schools whose teachers had taken part in Clemson University’s CRōCS project.
This pilot study with CodeTracesure helped us understand the potential difficulties students might
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face with fundamental programming concepts. This study also confirmed that a video game can
be a fun and interesting way to engage students in learning programming. Analysis of the game
data collected revealed that students had difficulties with sequencing of assignments and operators.
These earlier results motivated the central experiment in this dissertation.

8.2

Summary of Research on Concept-Integrated Game Mechanics

The aim of the central study was to propose, design and test a learning tool (video game) with
concept-integrated game mechanics for the purpose of facilitating student understanding of basic
coding concepts. Hbot (the new video game) was used in the treatment group of the populations
studied, while CodeTracesure (earlier video game) and interactive questions were used in the various
control groups. The following subsections summarize the findings and observations from the analysis
of the data collected during the research experiments.

8.2.1

School One

The results at School One show that students who used Hbot displayed significant improvement in
performance from pre-test to post-test, while the students who used the set of interactive questions
did not show any significant improvement. More than 30 students were assigned to the control
group but only 10 of them have a complete data set, which implies that only 10 took the pre-test,
participated in the study, and also took the post-test. More than 30 students were assigned to
the treatment group and 29 of these students had with a complete data set. The assignment of
participants to the two groups was random and so the reason for the discrepancies in participant
numbers is surprising. It is possible that students in the control group did not find the interactive
set of questions to be sufficiently interesting, and perhaps lacked the motivation to continue and
complete the post-test.
At the fine-grain level, we found that student performance improvement on six concepts when
using Hbot is statistically significant. These fine-grain concepts are: Integer variable to variable
assignment with a constant, Boolean assignments, Boolean operators, Boolean variable to variable
assignment with a constant, if..then statement, and if...else statement. An aggregation of the data
according to the game modules shows that Hbot helps student more on Boolean and conditional
concept modules but not necessarily on integer concept module. This could be the case because
when playing the the integer module, the students are learning both concepts and game mechanics
at the same time which can make it challenging since this is the first time they encounter both.
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School Two

Overall, seventh grade students who had no previous programming experience show significant improvement from pre-test to post-test with Hbot as well as with CodeTracesure. This suggests that
mere practice that is engaging can also be helpful.
At the Fine-grain level, students who played Hbot showed significant improvement on six concepts. They are: Arithmetic operators, integer variable to variable assignment with a constant,
integer self-referential assignment, Boolean assignments, Boolean operators, Boolean sequence of assignments. Conversely, those who played CodeTracesure showed significant improvement on integer
assignment sequence. The fact that Codetracesure significantly improved student performance with
integer sequence but Hbot did not, is an indication that the game mechanics for integer sequence in
Hbot need to be improved in the future.
An aggregation of the data by game modules shows that Hbot helped student performance on
all modules, while CodeTracesure helped students with integer and Boolean modules.

8.2.3

All Schools

Between the two schools, Hbot helped to improve student scores significantly from pre-test to posttest on a total of nine fine-grain concepts. The pre-test results of the individual concepts (Table 14)
from the aggregated data confirms that the level of difficulty of the concepts for the students increases
from integers through Booleans to conditionals, as we would expect. We also noticed that student
performance seemed to get better as they gained a mastery of the game mechanics. Apparently, on
the first module (integers), the students were learning both concepts and game mechanics. Although
the game still helped them in the first module, we see an even better performance improvement on the
second module. This seems to suggest that as students gained some mastery of the game mechanics,
their performance was impacted positively even though they are now learning more difficult concepts.
The think-aloud data analysis confirms that students gained a thorough understanding of many
concepts. It was observed that in the latter levels, students attempted to explain concepts using
game mechanics learned from previous related levels, even before playing a level that is supposed to
teach a particular concept. This shows that the game mechanics help students build a continuous
understanding of the concepts. Think-aloud sessions also showed that the game mechanics can help
to clear up some misconceptions associated with some concepts, even for students who seem to
understand the basics.
Finally, we note that more students who played Hbot or CodeTracesure felt confident about their
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understanding of the concepts at the end. However, those who used the interactive questions did
not seem to improve in confidence. We therefore conclude that learning tools like video games that
are fun and engaging have the potential to positively impact student performance and confidence.
We notice however confidence improvement from pre-test to post-test for both Hbot and CodeTracesure was lower than the change in student performance (improvement) from pre-test to posttest.

8.3
8.3.1

Future Directions
Improvement to Game Mechanics

At both schools, students found various aspects of the game mechanics useful for the learning
process. Students indicated during the think-aloud sessions and post-test feedback that they found,
the instructions, the interaction with Hbot, the scan, the blocks, and the visual display to be useful
in learning. However, there is room for improvement.
An important future direction is to make the game mechanics, especially for that of a sequence
of assignments, more direct. This is one concept on which the current Hbot game mechanics did not
seem to boost students performance or confidence. We therefore need to re-think this section. A possible future study could test out different versions of game mechanics for sequencing of assignments
to see which version is most educational.
Another direction is to find ways to help students follow the given directions. For example,
making the instructions audible, perhaps in a robot voice, might encourage the students to pay
more attention to them which could help them perform better. We noticed (at both schools) that
students had the tendency to rush through instructions, often missing the most important aspects
of the instructions. As a result, they got stuck quickly and had to be reminded to read and follow
the instructions. After reading, they found the game to be much easier and more engaging.
In another future version, we will also have to consider stepping up the gaming component and
the positive feedback that the students get when they do well. One student actually asked us to
increase the reward that a player gets after accomplishing a task. He said this would motivate
people more to play the game and therefore learn. Another suggestion was to incorporate in the
next version is a source of excitement, e.g., obstacles that need to be overcome in order to proceed
to a new level, besides learning concepts.
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Extension to Loops and Other Constructs

This research with game mechanics has not yet covered other important core CS concepts, such as
iteration and loops. A possible extension of this work is to integrate and test game mechanics that
pertain to those concepts.

8.3.3

Replication and Improvement of the Experiment

This experiment was conducted during a pandemic therefore time and logistics were not necessarily
in our favor. This creates an opportunity for this study to be replicated when K-12 education
returns to normal and pandemic constraints have been eased. Replication endeavors should have
multiple directions. They should consider longer periods for the entire study. They should be carried
out with many more students in both a face-to-face instruction mode and a remote mode. And
they should incorporate ways to motivate students to follow the instructions and apply themselves
wholeheartedly.
An alternative experiment that would be interesting is to use Hbot in a classroom setting for the
treatment group, while a current traditional mode of classroom instruction serve as the control.

8.3.4

Technology Transfer

The results from this research indicate that a concept-integrated video game has potential to help
students learn even difficult concepts. The present game could serve as a prototype, and pave the
way for the development of a more full-fledged commercial version to benefit young learners. Such
a design needs to leverage advances in modern gaming technology.
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[14] Valentina Dagienė, Gabrielė Stupurienė, and Lina Vinikienė. Promoting inclusive informatics education through the bebras challenge to all k-12 students. In Proceedings of the 17th
International Conference on Computer Systems and Technologies 2016, pages 407–414. ACM,
2016.
[15] Pablo De Cristoforis, Sol Pedre, Matı́as Nitsche, Thomas Fischer, Facundo Pessacg, and Carlos
Di Pietro. A behavior-based approach for educational robotics activities. IEEE transactions on
education, 56(1):61–66, 2012.
[16] Richard A Duschl, Heidi A Schweingruber, Andrew W Shouse, et al. Taking science to school:
Learning and teaching science in grades K-8, volume 500. National Academies Press Washington, DC, 2007.
98

Olivia Mambo Nche

Dissertation

[17] Srijoy Dutta and Rohan Mathur. Computer programming-a building block of stem. In 2011
Integrated STEM Education Conference (ISEC), pages 2B–1. IEEE, 2011.
[18] Barbara Ericson and Tom McKlin. Helping underrepresented students succeed in ap csa and
beyond. In Proceedings of the 49th ACM Technical Symposium on Computer Science Education,
pages 356–361, 2018.
[19] Anne-Marie Eubanks, Robert G Strader, and Deborah L Dunn. A comparison of compact
robotics platforms for model teaching. Journal of Computing Sciences in Colleges, 26(4):35–40,
2011.
[20] Institute for Computing Education at Georgia Tech. Pre and post surveys. 2011.
[21] Tirupalavanam G Ganesh and Ira A Fulton. Design-based research: A framework for designing novel teaching and learning experiences in middle school engineering education. In 2011
Frontiers in Education Conference (FIE), pages T2F–1. IEEE, 2011.
[22] Dan Garcia, Brian Harvey, and Tiffany Barnes. The beauty and joy of computing. ACM
Inroads, 6(4):71–79, November 2015.
[23] Dan Garcia, Brian Harvey, and Tiffany Barnes. The beauty and joy of computing. ACM
Inroads, 6(4):71–79, 2015.
[24] Rosemary Garris, Robert Ahlers, and James E Driskell. Games, motivation, and learning: A
research and practice model. Simulation & gaming, 33(4):441–467, 2002.
[25] Joanna Goode, Gail Chapman, and Jane Margolis. Beyond curriculum: the exploring computer
science program. ACM Inroads, 3(2):47–53, 2012.
[26] Lindsey Ann Gouws, Karen Bradshaw, and Peter Wentworth. Computational thinking in educational activities: an evaluation of the educational game light-bot. In Proceedings of the 18th
ACM conference on Innovation and technology in computer science education, pages 10–15,
2013.
[27] Mark Guzdial and Barbara Ericson. Georgia computes!: an alliance to broaden participation
across the state of georgia. ACM Inroads, 3(4):86–89, 2012.
[28] Mark Guzdial, Barbara J Ericson, Tom McKlin, and Shelly Engelman. A statewide survey on
computing education pathways and influences: factors in broadening participation in computing. In Proceedings of the ninth annual international conference on International computing
education research, pages 143–150. ACM, 2012.
[29] Lasse Hakulinen. Using serious games in computer science education. In Proceedings of the 11th
Koli Calling International Conference on Computing Education Research, pages 83–88, 2011.
[30] https://www.parallax.com/product/28136. Parallax inc. scribbler 2 robot. 2016.
[31] Nwannediya Ada Ibe, Rebecca Howsmon, Lauren Penney, Nathaniel Granor, Leigh Ann DeLyser, and Kevin Wang. Reflections of a diversity, equity, and inclusion working group based
on data from a national cs education program. In Proceedings of the 49th ACM Technical
Symposium on Computer Science Education, pages 711–716. ACM, 2018.
[32] Parallax Inc. Parallax inc. scribbler 2 robot. 2016. In https://www.parallax.com/product/28136.
2016.
[33] Tony Jenkins. On the difficulty of learning to program. In Proceedings of the 3rd Annual
Conference of the LTSN Centre for Information and Computer Sciences, volume 4, pages 53–
58. Citeseer, 2002.
99

Olivia Mambo Nche

Dissertation
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Appendix A—Test

This instrument was used for both pretest and post-test. There were additional questions to get
student feedback about the games in the post-test.
Name:
Current Grade:
School:
Teacher:
Each question below includes a short computer code followed by a multiple-choice section. In
the questions, ←− denotes an assignment of a value to a variable.
1. p ←− 6;
What is the value of p at the end of the code?
A. true
B. 3
C. 6
D. not known
2. age ←− 5;
What is the value of age at the end of the code?
A. false
B. 5
C. 6
D. not known
3. q ←− 6 + 2;
What is the value of q at the end of the code?
A. 8
B. 2
C. 6
D. not known
4. year ←− 4 - 3;
What is the value of year at the end of the code?
A. 1
B. 3
C. 4
D. not known
5. p ←− 6;
r ←− 5;
What is the value of p at the end of the code?
A. 11
B. 5
C. 6
D. 1
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6. p ←− 6;
r ←− 5;
What is the value of r at the end of the code?
A. 11
B. 5
C. 6
D. 1
7. count ←− 6;
count ←− 5;
What is the value of count at the end of the code?
A. 11
B. 5
C. 6
D. 1
8. k ←− 6 + 2;
k ←− 5 - 1;
What is the value of k at the end of the code?
A. 8
B. 5
C. 12
D. 4
9. tot ←− 3;
score ←− tot + 2;
What is the value of score at the end of the code?
A. 3
B. 2
C. 5
D. not known
10. age ←− 5;
year ←− age - 3;
What is the value of year at the end of the code?
A. 3
B. 2
C. 5
D. not known
11. vol ←− 4;
vol ←− vol + 2;
What is the value of vol at the end of the code?
A. 6
B. 2
C. 4
D. 0
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12. total ←− 8;
total ←− total - 5;
What is the value of total at the end of the code?
A. 3
B. 8
C. 13
D. 5
13. b3 ←− true;
What is the value of b3 at the end of the code?
A. true
B. false
C. not known
D. 3
14. b2 ←− false;
What is the value of b2 at the end of the code?
A. true
B. false
C. not known
D. 2
15. b5 ←− true and false;
What is the value of b5 at the end of the code?
A. true
B. false
C. both answers
D. 5
16. b2 ←− true or false;
What is the value of b2 at the end of the code?
A. true
B. false
C. either answer
D. 2
17. b2 ←− not true;
What is the value of b2 at the end of the code?
A. true
B. false
C. neither answer
D. 2
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18. b3 ←− true;
b4 ←− false;
What is the value of b3 at the end of the code?
A. true
B. false
C. 4
D. 3
19. b3 ←− true;
b4 ←− false;
What is the value of b4 at the end of the code?
A. true
B. false
C. 3
D. 4
20. is raining←− false;
is raining ←− true;
What is the value of is raining at the end of the code?
A. true
B. false
C. both answers
D. neither answer
21. can swim ←− true;
can swim ←− false;
What is the value of can swim at the end of the code?
A. true
B. false
C. both answers
D. either answer
22. b1 ←− true;
b2 ←− b1 or false;
What is the value of b2 at the end of the code?
A. true
B. false
C. both answers
D. 2
23. b1 ←− true;
b2 ←− not b1;
What is the value of b2 at the end of the code?
A. true
B. false
C. 2
D. neither answer
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24. b1 ←− true;
b2 ←− false;
b3 ←− b1 and b2;
What is the value of b3 at the end of the code?
A. true
B. false
C. both answers
D. 3
25. In this question, <= means less than or equal to.
val ←− 30;
points ←− 0;
if (val <= points)
points ←− 10;
What is the value of points at the end of the code?
A. 0
B. 10
C. 20
D. 30
26. In this question, > means greater than.
val ←− 30;
points ←− 30;
if (val > points)
points ←− 10;
What is the value of points at the end of the code?
A. 0
B. 10
C. 20
D. 30
27. In this question, >= means greater than or equal to.
val←− 30;
points ←− 0;
if (val >= points)
points ←− 10;
What is the value of points at the end of the code?
A. 0
B. 10
C. 20
D. 30
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28. b1 ←− true;
points ←− 0;
if (b1 is= false)
points ←− 10;
What is the value of points at the end of the code?
A. 0
B. 10
C. true
D. false
29. In this question, < means less than.
val ←− 30;
points ←− 30;
if (val < points)
points ←− 10;
else
points ←− 20;
What is the value of points at the end of the code?
A. 0
B. 10
C. 20
D. 30
30. In this question, >= means greater than or equal to.
val ←− 30;
points ←− 0;
if (val >= points)
points ←− 10;
else
points ←− 20;
What is the value of points at the end of the code?
A. 0
B. 10
C. 20
D. 30
31. b1 ←− true;
points ←− 0;
if (b1 is= true)
points ←− 10;
else
points ←− 20;
What is the value of points at the end of the code?
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A. 0
B. 10
C. 20
D. true
32. b1 ←− false;
points ←− 0;
if (not b1 is= true)
points ←− 10;
else
points ←− 20;
What is the value of points at the end of the code?
A. 0
B. 10
C. 20
D. False
33. I understand assignments well
Strongly Disagree
1

Disagree

Neutral

2

Agree

3

4

Strongly Agree
5

34. I understand arithmetic operators well
Strongly Disagree
1

Disagree

Neutral

2

Agree

3

4

Strongly Agree
5

35. I understand sequencing of assignments well
Strongly Disagree
1

Disagree

Neutral

2

Agree

3

4

Strongly Agree
5

36. I understand Boolean variables well
Strongly Disagree
1

Disagree

Neutral

2

Agree

3

4

Strongly Agree
5

37. I understand Boolean operators well
Strongly Disagree
1

Disagree

Neutral

2

Agree

3

4

Strongly Agree
5

38. I understand relational operators well
Strongly Disagree
1

Disagree
2

Neutral

Agree

3

4

Strongly Agree
5

39. I understand conditional statements well
Strongly Disagree
1

Disagree
2

Neutral

Agree

3

4

Strongly Agree
5

40. Overall, I understand computer coding well
Strongly Disagree
1

Disagree
2

Neutral

Agree

3

4
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Appendix B—Student Feedback on Games
Georgetown Middle - Hbot

1. I liked the way the robot walked and looked.
2. how it was very helpful if you didnt understand
3. it was cool
4. I thought it was very helpful to understanding computer code
5. you learn from it
6. it was kind of fun.
7. I like that it was easy
8. The helper hotbot
9. nothing
10. its fun
11. it looked like it would help me
12. That it was easy to understand after you read the instructions
13. It gave me good instruction and it was easy.
14. The way the instructions were given, where on the first level you would receive a set of instructions, then the rest of the levels you had to use your brain simply because you no longer
had access to the instructions.
15. I liked how interactive it was
16. Nothing
17. Advantage of learning and playing
18. it go step by step
19. it helped a little with understanding but its confusing
20. The way that the robot moon walks when you press the right arrow.
21. The robot
22. When i complete the code
23. It’s fun and helpful
24. how fun it was to learn
25. You could move the robot
26. nothing
27. I’m not sure
28. The part where when I press H I started dancing.
29. The visuals; they made it easier to understand.
30. I liked that the was educational and help me understand the wording of the questions better.
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31. I like the robot and how it was able to pick up things and scan things
32. the bot
33. It gave valid instructions
34. I liked that It was easy to understand how to play it.
35. I liked that we got to learn more about coding.
36. how easy it was to play
37. i got to learn bout integers more
10.0.2

Edwards Middle - Hbot

1. How easy it was to find the information to solve the problem.
2. The people explaining it to me.
3. everything
4. it was challenging
5. I liked that we got to move the robot
6. I liked that the character can moonwalk
7. I enjoyed how the instructions from the Governor robot helped me get through the game.
10.0.3

Edwards Middle - CodeTracesure

1. It got harder and harder which was cool to me.
2. It was very fun and it made you want to keep trying it.
3. I liked how you where moving around and interacting with the game.
4. I thought it was very fun but at the same time you were learning i also like how the questions
were worded.
5. how u have to run away and answer questions and try to get to other levels
6. it was a really fun and challenging game for the mind
7. I liked how there were things chasing us that were like a defense.
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Appendix C—Dedoose Codes
Table 19: Codes Used for Think-Aloud Analysis

Title
ArrowIsAssignment
ArrowIsMovement
ArrowIsEquals
ASCII Misunderstanding
Assignments
Bins
CU/PCU-Integer Assignment
CU/PCU-Arithmetic Operators
CU/PCU-Integer Sequence
CU/PCU-Integer Variable to Variable
CU/PCU-Integer Self-referential
CU/PCU-Boolean Constant
CU/PCU-Boolean Assignment
CU/PCU-Boolean Sequence
CU/PCU-Boolean Variable to Variable
CU/PCU-Boolean Self-referential
CU/PCU-if...then
CU/PCU-if...else
CU/PCU-Relational Operators
CU - Variable Type
GMA - Game Appreciation
GMU
HbotInteraction
HelpfulGameAttributes

Description
The direction in which the arrow is pointing tells the
student which variable to assign to
Treats the left arrow as an equal sign
Move Hbot
Mistakes the left arrow for less than sign and
a negative number
The assignment statements at the top left hand corner
Variables represented as bins
Concept Understanding or Partial Concept Understanding
Concept Understanding or Partial Concept Understanding
Concept Understanding or Partial Concept Understanding
Concept Understanding or Partial Concept Understanding
Concept Understanding or Partial Concept Understanding
Concept Understanding or Partial Concept Understanding
Concept Understanding or Partial Concept Understanding
Concept Understanding or Partial Concept Understanding
Concept Understanding or Partial Concept Understanding
Concept Understanding or Partial Concept Understanding
Concept Understanding or Partial Concept Understanding
Concept Understanding or Partial Concept Understanding
Concept Understanding or Partial Concept Understanding
Concept Understanding (shows a reasonable understanding
of variable types)
Appreciates the game
Game Mechanics Understanding (has learned
how to play the game)
Useful animations
Attributes of the game that help student understanding:
instructions, character interaction, assignment statements,
visuals, blocks, bins and scan
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Table 20: Codes used for ThinK-Aloud Analysis Continued
Title
Instructions
Interaction
MC/NCU-Integer Assignment
MC/NCU-Arithmetic Operators
MC/NCU-Integer Sequence(values add up)
MC/NCU-Integer Variable to Variable
MC/NCU-Integer Selfreferntial
MC/NCU-Boolean Constant
MC/NCU-Boolean Assignment
MC/NCU-Boolean Operators
MC/NCU-Boolean Sequence
MC/NCU-Boolean Variable to Variable
MC/NCU-Boolean Selfreferntial
MC/NCU-if...then
MC/NCU-if...else
MC/NCU-Relational Operators
(<, >, =)
SE

ValueAsLocation
ValueRecognition - CU
VariableRecognition - CU

Description
The green speech bubble with directions on
how and what to do
How the student interacts with the game
Misconception or No Concept Understanding
Misconception or No Concept Understanding
Misconception or No Concept Understanding
Misconception or No Concept Understanding
Misconception or No Concept Understanding
Misconception or No Concept Understanding
Misconception or No Concept Understanding
Misconception or No Concept Understanding
Misconception or No Concept Understanding
Misconception or No Concept Understanding
Misconception or No Concept Understanding
Misconception or No Concept Understanding
Misconception or No Concept Understanding
Misconception or No Concept Understanding
of the concept)
Self Efficacy - Increased self confidence and sense
of accomplishment which comes from the ability to
play the game and answer questions correctly)
Block value is considered a location)
Recognizes a value like 3
Recognizes a variable like x
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Appendix D—Sample Student Think-Aloud Transcript

Excerpt Date

Excerpt Copy

Codes Applied Combined

4/28/2021

*from chat*
X --> 2
**

ASCII Misunderstanding

14
00:14:50.310 --> 00:14:52.590
Student 1: It means is less than negative 2.

4/28/2021

Interviewer: What do you think it means if that's an arrow.

ArrowIsEquals

16
00:14:59.700 --> 00:15:00.630
Student 1: x is 2

4/28/2021

Interviewer: um okay so still do you think that x arrow 2
means the same thing.

ArrowIsAssignment, CU Integer Assignment

21
00:17:41.730 --> 00:17:42.150
Student 1: No.
24
00:17:48.630 --> 00:17:49.110
Interviewer: Okay, what do you think it means.
25
00:17:51.030 --> 00:17:52.650
Student 1: I think it means like um like the integer x means
like the number two is like assigned to the integer x so
anytime there is 2 in a problem, it would be assigned to x.

4/28/2021
4/28/2021
4/28/2021

The puzzle was saying how any...like when you pick up the
blocks you click like x or y and how you would like assign
it to that Bin
So, the 2 block would go to the x bin, because it was
assigned to that bin.
Interviewer: So, Q arrow six plus two.
34
00:18:58.230 --> 00:18:59.220
Student 1: I think it would mean like the sum of like six
plus to 2 is assigned to Q.
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Bins, Blocks,
HelpfulGameAttributes
ArrowIsMovement, Blocks,
Bins
ArrowIsAssignment,
CU - Arithmetic Operators

4/28/2021

Alright, that was good, so do you think the same thing
about the question I sent you before.

CU - Arithmetic Operators

38
00:20:56.100 --> 00:20:59.370
Interviewer: Yes, okay, and what made you believe that.
39
00:21:00.510 --> 00:21:20.310
Student 1: During Level 2 it did kind of the same thing, as I
said, like the sum of those two numbers is assigned to that
one integer. So, like five minus one, it gave the answer
four, and that was assigned to that that box.

4/28/2021

4/28/2021

During Level 2 it did kind of the same thing, as I said, like
the sum of those two numbers is assigned to that one
integer. So, like five minus one, it gave the answer four,
and that was assigned to that that box.
*inserted from chat*
count <- 6;
count <- 5;
**

HelpfulGameAttributes

PCU - Sequence

43
00:21:36.060 --> 00:21:39.210
Interviewer: And we can say count is any variable x, y or
count.
44
00:21:43.440 --> 00:21:57.660
Student 1: I think either number would be assigned to that
variable, So if you got five or six both those numbers can
be assigned to that one variable.
4/28/2021

I think either number would be assigned to that variable

VariableRecognition - CU

4/28/2021

Interviewer: So, to rephrase you said it could be either six
or five.

MC - Sequence(values add
up)

49
00:23:31.590 --> 00:23:41.280
Student 1: yeah, I think, while I was like doing it, I couldn't
really see but um when I was putting both them in the bin I
think that number was like adding up.

4/28/2021

The most helpful thing was how it was just explained, like
telling me what to do and explaining like what to do, and
like what to do next, and like wait to do the next instruction
instead of giving me all the instructions at the same time,
which would have been harder for me to like focus on what
to do.
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Instructions

4/28/2021

Interviewer: let's say we have P arrow y.

NCU - Integer Variable to
variable

60
00:24:48.690 --> 00:24:50.610
Student 1: Actually, don't know for that one.

4/28/2021

Help from Interviewer
Interviewer: So, after you scan the number, you're gonna
want to push spacebar to pick it up.

4/28/2021

Interviewer: What do you think about that statement P
arrow y now.

SE, CU - Variable to
Variable

65
00:26:45.930 --> 00:26:49.110
Student: I think it means that whatever is assigned to
integer y is the same as the integer for p.

4/28/2021

Scan

4/28/2021

Well, when it was telling me to scan what was going on
each like integer box so whatever was in that box, I would
take it and put it in the in the other box.
I would take it and put it in the in the other box.

4/28/2021

this one is q arrow x plus three.

CU - Integer Variable to
Variable with Constant

ArrowIsMovement

74
00:27:29.070 --> 00:27:37.440
Student: I would say that means like you would scan
integer x plus 3 would be integer q.

4/28/2021

yeah okay yeah you were right on the nose there anyway
um what aspect of the game was useful in helping you get
to the answers.
78
00:29:27.270 --> 00:29:44.070
Student: The like that little um like that what is it, the little
square thing and, like in the top right that anytime I would
pick up the number, it would pop up over there, when I
would do the um like extra operations and stuff.
79
00:29:44.370 --> 00:29:45.060
Student 1: So, it would show the math and stuff and like
what would be in each integer.
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HelpfulGameAttributes

4/28/2021

Interviewer: What do you think about this one m arrow m
plus 2.

CU - Selfreferntial

87
00:30:21.030 --> 00:30:22.650
Student: I would think it's like either like the integer might
be like changing so like it would be like the new integer
form equals the same thing that m was plus two.

4/28/2021

Okay, and is there anything you would change about the
game so far or any of the level specifically.
96
00:32:52.380 --> 00:32:56.730
Student: Just I don't know what the timer is for on the
screen like the countdown.

4/28/2021

**
b2 <-- false;
**

ArrowIsEquals, CU Boolean Constants

105
00:33:41.880 --> 00:33:45.990
Student 1: I’m guessing like whatever b2 is, would be false
so whatever the variable b2 equals would be like false or
something like that.

4/28/2021

Interviewer: it's both of these two: b3 arrow true and b3
arrow false.
115
00:35:18.990 --> 00:35:27.210
Student 1: I would say that it’s kinda like the count one,
both of the true and false would be assigned to the same
variable.

116

MC – Sequence (values add
up), PCU - Sequence

4/28/2021

Interviewer: Okay, and what do you think about those two
statements b3 arrow true and then b3 arrow false after that
level.

CU – Sequence
(overwriting)

122
00:36:56.550 --> 00:37:09.270
Student 1: I think it means like whatever is the like the last
one, like the last um action so like how it says b3 arrow
true like that would be the first thing, but then b3 arrow
false, the b3 would naturally be false because it was the last
one.

4/28/2021

4/28/2021

When you would look at the bins and you put in the
answers, when you would put in true first, it would look
yellow and the answer at the bottom would say true and
then, when you put in false it would change the bin to be
false instead.
**
b2 <- b1 or false;
**
130
00:38:03.450 --> 00:38:07.560
Student 1: Since its or, it means like either one could be the
answer I’m guessing.

HelpfulGameAttributes,
Interaction

PCU - Boolean Operators

133
00:38:16.380 --> 00:38:27.930
Student 1: Whatever b1 is, so it could be either whatever b1
is, or false so like whatever b1 is, so if b1 was also false it
would just be straight up false.
4/28/2021

**
b2 <- b1 or false;
**
130
00:38:03.450 --> 00:38:07.560
Student 1: Since its or, it means like either one could be the
answer I’m guessing.
133
00:38:16.380 --> 00:38:27.930
Student 1: Whatever b1 is, so it could be either whatever b1
is, or false so like whatever b1 is, so if b1 was also false it
would just be straight up false.
134
00:38:28.230 --> 00:38:29.940
Interviewer: And if b1 is true what do you think it would
be.
135
00:38:32.700 --> 00:38:39.600
Student 1: I feel like since it says or I’m guessing it would
be like either true or false and the other one on

117

PCU - Boolean Operators

top, where it says b3 <- true it doesn't say or in the middle
4/28/2021

So, let's say, b2 <- y > 3 and let's say y is equal to 5, what
would the value of B2 be.

CU - Relational Operators

141
00:41:10.530 --> 00:41:12.990
Student: the value of b2 would be true.
4/28/2021

4/28/2021

Since we scan to find out what y was and since y is greater
than five in the problem right here which acting if y is
greater than three since it's correct in that it is greater it
would be written as b2 is true.
Interviewer: And then, so the opposite would also be
saying y is three.

CU - Relational Operators,
Scan
CU - Relational Operators

146
00:41:44.460 --> 00:41:46.110
Student: It would be written as false.

4/28/2021

just this last statement b1 arrow b2.
158
00:42:30.060 --> 00:42:40.860
Student 1: It would be whatever is for b2 you will be
moving it to b1 so it would be assigned to b1 instead.

4/28/2021

what was helpful was um how the bin would show like
what the bulb represented so like it would show that b2
represented like false and since I was moving into like b1,
b1 would also be false.

118

ArrowIsMovement, CU Boolean Variable to
Variable

Bins,
HelpfulGameAttributes

4/28/2021

b2 arrow b1 or false

PCU - Boolean operators

10
00:02:10.170 --> 00:02:11.220
Student 1: I think it's like either whatever b1 is, so like b2 it
would be assigning whatever b1 is or false. So, it would be
like if b1 is true it would be either true or false. But if b1 is
false it would be just straight false.

4/28/2021

**
b2 <— not false
**
19
00:05:10.260 --> 00:05:15.120
Student 1: For that one I would guess it means that when it
says not false for b2 it would also mean the answer would be
true.

CU - Boolean Constant

4/28/2021

I was able to see, like the bins and how it would say like what
was assigned to each bin like when you would scan one bin, it
would say true, and then, when you would put another thing
in the bin it would tell you what it meant.
num <— 30;
score <— 30;
if (num + 1 > score)
score <— 10;
**
34
00:07:57.780 --> 00:07:59.880
Student 1: I’m guessing 30 is assigned to num and 30 is
assigned to score and if whatever num was plus 1 is greater
than whatever score is than score would now be assigned to
10 instead

HelpfulGameAttributes

4/28/2021

30 is assigned to num and 30 is assigned to score

ArrowIsAssignment

4/28/2021

It helped me understand what it was trying to say so that you
would find out what each thing would stand for, and then, if it
was correct, then it would be changed. So, if it wasn't correct,
you wouldn't do anything.

SE

4/28/2021

119

CU - Sequence(overwriting)

4/28/2021

**
if(x is= y)
y=3
**
56
00:11:29.700 --> 00:11:37.950
Student 1: It means like since saying if x is equal to y, that
would mean that y would represent 3, and I'm guessing, if it's
not, it would take no action.

CU - Sequence(overwriting)

4/28/2021

Okay, and does the no action button make sense.

HelpfulGameAttributes

59
00:13:03.900 --> 00:13:04.860
Student 1: yeah it shows that the problem cannot be solved, or
that you can't do anything to the problem, since it doesn't
connect.
4/28/2021

**
If (not b1)
b2 <— true
**
Student 1: I’m guessing it means that whatever we're
connecting with, if it's not the answer, so not b1, it would
mean that b2 is assigned to true.

CU - Conditional Statements

4/28/2021

**

CU - if/else
x <— 20
y <— 15
If (x < y)
big = y
else
big = x

**
71
00:15:59.370 --> 00:16:05.670
Student 1: I’m guessing it's kind of like the other one like
num and score, where it's like if 20 is associated to x and 20
is associated to y. If x is less than y then big would be equal
to y. If it's not, if x is greater than or equal to y, big would be
equal to x.
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